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Abstract
Main group Lewis acids have been shown to be viable alternatives to state-of-theart transition metal catalysts. While extensive research into a variety of p-block Lewis
acids have been reported, the field of germanium Lewis acid chemistry has been
described as “almost non-existent”. A variety of bis(catecholato)germane derivatives
have been synthesized. The Lewis acidity of these compounds was analyzed by the
Gutmann-Beckett and fluoride ion affinity methods demonstrating the high Lewis acidity
of these complexes. The bis(catecholato)germanes were utilized as Lewis acid catalysts
for the hydrosilylation of aldehydes, the hydroboration of alkynes, Friedel-Crafts
alkylation of alkenes, and the oligomerization of styrene derivatives. Notably, the use of
donor additives resulted in tunable product selectivity in the oligomerization of αmethylstyrene comparable to the selectivity that can be achieved using transition metal
catalysts. The mechanism of catalysis by bis(catecholato)germanes in the oligomerization
of α-methylstyrene was examined using variable time normalization analysis, Hammett
analysis, and density functional theory calculations of Gibbs free energies of key
intermediates, revealing the species with only one donor solvent ligated to the germanium
centre is the active catalyst species. Finally, the use of bis(catecholato)germanes as
potential Lewis acid components in frustrated Lewis pairs was investigated. The
reactivity of the bis(catecholato)germane complexes with various bulky bases and
supporting DFT calculations revealed the formation of Lewis adducts. The reactivity of
the Lewis pairs was explored; however, no small molecule activation or catalysis, typical
reactivity of frustrated Lewis pairs, was observed.
While Lewis pairs derived from bis(catecholato)germanes do not exhibit any
reactivity

typical

of

frustrated

Lewis

pairs,

weak

donor

complexes

of

bis(catecholato)germanes are highly Lewis acidic and capable of facilitating several
reactions as a Lewis acid catalyst.
Previous work in the literature has shown the potential of a green, solvent free
synthesis of the bis(catecholato)germanes and catalytic activity using water as a solvent,

ii

demonstrating

the

principles

of

green

chemistry.

The

green

chemistry

of

bis(catecholato)germanes, in conjunction with their high catalytic activity in a variety of
reactions and their tuneability to influence product selectivity, illustrate that
bis(catecholato)germanes are exciting alternatives to transition metal catalysts and should
be explored further.

Keywords
Main group, germanium, catechol ligand framework, Lewis acid, catalysis, mechanism of
catalysis, frustrated Lewis pair, density functional theory.
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Summary for Lay Audience
Certain chemical reactions can require a lot of energy to proceed. As such, ways
to reduce the energy needed is important. One way to reduce energy needed is to use
catalyst. Catalysts are compounds which make chemical reactions more efficient. They
are also not consumed during the reaction. Catalysts are used in over 80% of industrial
chemical processes. The current best catalysts feature expensive elements, such as
platinum and palladium. These elements also have supply risks due to low earth
abundance. Also, political issues affect obtaining these elements. Chemists have looked
for other viable catalysts featuring cheaper and more accessible elements. The element
germanium is more abundant and cheaper than platinum. However, catalysts using
germanium have not been explored in depth. In fact, recent reviews have described
germanium catalysts as “almost non-existent”. The goal of this thesis is to explore
germanium-based catalysts.
A variety of germanium compounds were made. These compounds were
successfully used as catalysts for several types of reactions. The efficiency of the
germanium catalyst is comparable to other alternatives. Experiments to understand how
the germanium catalysts function were performed. This work presents the first steps in
the development of germanium Lewis acids.
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Chapter 1
1 Introduction
1.1 Main Group Compounds as Potential Alternative to
Transition Metal Catalysis
There is an ever-growing demand for more sustainable chemical processes, the
methodologies used to convert raw materials into consumer and industrial products.
Catalysts, compounds which lower the activation barrier of a chemical reaction without
being consumed during the course of the reaction, are used in over 90% of industrial
processes and are key in the development of sustainable chemical processes.1 Catalysis is
one of the 12 principles of green chemistry resulting in more energetically efficient
chemical transformations and, depending on the reaction, can allow the use of atom
economical feedstocks.2
With the importance of catalysis in industry, it is critical to choose the most
efficient catalyst for a reaction. There are many different metrics used to evaluate the
effectiveness of a catalyst, including substrate conversion, turnover number (TON),
turnover frequency (TOF) and product selectivity. Substrate conversion is the percentage
of a substrate that is consumed during the reaction. Turnover, the ability for a catalyst to
transform substrates into products, is quantified by turnover number (TON), the number
of moles of substrate that a mole of catalyst can convert before becoming inactivated.
Turnover frequency (TOF) is the turnover number divided by time and is a measure of
how quickly the transformation takes place. Catalysts with high turnover numbers can be
used to facilitate multiple substrate transformations without being deactivated by
decomposition or side reactions which render the catalyst inactive.
(1)

TON = nproduct/ncatalyst

(2)

TOF = TON/t

2

Product selectivity refers to the ability of a catalyst to selectively catalyze a reaction
leading to a specific product. In addition to reaction metrics such as conversion, turnover
numbers and product selectivity, other metrics such as price and toxicity of the catalyst
are important considerations as well.
State-of-the-art catalysts are, primarily, based on second and third row transition
metals, such as the noble metals, platinum and palladium.3 The second and third row
transition metals exhibit high turnover and product selectivity due to their ability to
reliably perform two-electron oxidation state changes, via oxidative addition and
reductive elimination reactions (Scheme 1.1). While high turnover and selectivity make
these second and third row transition metals preferable catalysts, the use of these
elements are not without disadvantages. Second and third row transition metals are
expensive, with elements such as platinum, palladium, and gold, costing between $36,000
– $53,000 CAD per kilogram.4 Some transition metals exhibit human toxicity, which can
make their use in the pharmaceutical industry challenging. The residual metal in the final
drug has to be as minimal, at the parts per million (ppm) or parts per billion (ppb) levels,
making efficient removal of the metal necessary.5 Finally, the second and third row
transition metals all exhibit supply risks, either due to low earth abundance or due to
geopolitical or sustainability issues that affect the mining of the source metals.6 These
disadvantages increase the demand for alternative catalysts.

Scheme 1.1: An example of a typical catalytic cycle illustrating the oxidation state
changes of the metal catalyst [M] from oxidative addition and reductive elimination
reactions.
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Base metals, such as iron and copper, have been explored as alternatives to
second and third row metal catalysts. The first-row transition metals are substantially
cheaper and more earth abundant.4,6 However, the preference of base metals to undergo
single electron oxidation state changes results in the formation of radical intermediates
which is not observed with the two electron oxidation state changes common in noble
metal catalysis. The presence of radical intermediates often leads to the formation of side
products often not observed in two-electron processes. This presents an on-going
challenge in the field of base metal catalysis. As a consequence, ligand design strategies
are critical. A common strategy is utilizing redox-active ligands with base metals to
mimic the two-electron oxidation state changes that the later transition metals exhibit.7
While redox-active ligands have the potential to address the disadvantages of oneelectron oxidation state changes, the increased cost of these specialty ligands can pose a
new disadvantage.
An example of a base metal-catalyzed one electron reaction is the oxidation of
cyclohexene with molecular oxygen.8 O2 is the ideal oxidant in terms of atom economy;
however, the oxidation is often not selective giving a variety of different oxygenated
products (Scheme 1.2).9 The iron catalyst 1.1 shows promise as reactions catalyzed by
1.1 only lead to the formation of only two products, the ketone and epoxide in 89% and
11% yield respectively. While, it is still not selective towards one product, the selectivity
is an improvement on other catalytic systems.

Scheme 1.2: Oxidation of cyclohexene by iron catalyst 1.1
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1.2 Main Group Complexes in Small Molecule Activation and
Catalysis
Another alternative to transition metal catalysts are catalysts based on main group
elements.10 Depending on the element used, the main group element can be more earth
abundant and less expensive than precious metals. While the chemistry of heavier pblock elements has naturally been compared to their first-row counterparts, more recently
it has been recognized that heavier p-block compounds can mimic the catalytic activity of
transition metals including the ability to activate small molecules and perform catalytic
transformations.10
Main group compounds, particularly low-valent derivatives, have been shown to
activate numerous small molecules including feedstocks such as H2,11 CO2,12 CO,13
NH3,14 and O2.15 The activation of small molecules is generally a precursor to the use of
the reaction in catalysis. The use of unsaturated main group molecules is one class of
low-valent compounds that have been studied in this regard. For example, digermyne 1.2,
the heavier group 14 analogue of an alkyne, undergoes addition of H2 across the Ge-Ge
triple bond under mild conditions (Scheme 1.3).11 While the reaction results in a mixture
of products, the ratio of products formed could be tuned by the amount of dihydrogen
added. Another example is the activation of CO2 achieved with diborene 1.3 with Nheterocyclic carbenes (NHC).16 In less than 10 minutes at room temperature, diborane 1.3
reacts with CO2 in a [2+2] cycloaddition yielding the thermally unstable adduct 1.4. 1.4
was successfully characterized by nuclear magnetic resonance (NMR) spectroscopy and
X-ray crystallography. Rearrangement of 1.4 to 1.5 took place over the course of 4 days.

Scheme 1.3: Activation of H2 by digermyne 1.2 and activation of CO2 by diborene 1.3.
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Another class of main group compounds typically used in small molecule
activation is the tetrylenes, the heavier Group 14 analogues of carbenes. For example, the
silicon analogues, silylenes, have been shown to activate a variety of small molecules.
Hydrogen activation was achieved using silylene 1.6 under mild conditions yielding the
addition of both hydrogen atoms to the low-valent silicon centre (Scheme 1.4).17 The
same silylene was later reported to activate a variety of main group oxides.18 When
reacted with excess carbon monoxide, a dimeric compound with four CO units was
isolated. However, when 1.6 was reacted with CO2 and N2O, oxygen abstraction was
observed with the formation of CO and N2, respectively.

Scheme 1.4: Hydrogen and main group oxide activation by silylene 1.6 (Dipp = 2,6diisopropylphenyl)
A major milestone was recently achieved in main group chemistry: the activation
of N2, which was achieved using a borylene.19 While the name borylene implies a
similarity to tetrylenes, the electronic structure of borylenes can be very different.
Carbenes and their congeners exist in either the singlet state, where two electrons occupy
the non-bonding sp2 orbital, or the triplet state, where one electron occupies the sp2
orbital and one electron occupies the p orbital. In contrast, the singlet state is the favoured
electronic configuration for the heavier tetrylenes. Borylene 1.7 has an empty sp2-orbital
and a filled p-orbital allowing 1.7 to accept the lone pair from dinitrogen through its
empty sp2 orbital and back bond into the π* orbital of dinitrogen by donating the electron
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density in the borylene p-orbital (Scheme 1.5). This reactivity mimics the reactivity
achieved by transition metal-based nitrogen activation using d-orbitals.

Scheme

1.5:

Nitrogen

activation

achieved

by

borylenes

(Dur

=

2,3,5,6-

tetramethylphenyl)
While there are numerous reports of small molecule activation with main group
compounds, the number of examples of their use in catalysis is sparse in comparison. One
disadvantage to main group catalysts is while they can activate small molecules in a
fashion similar to transition metals via oxidative addition and undergo subsequent
reactivity with a substrate, reductive elimination of the product remains challenging. One
of the few successful examples is that of N-heterocyclic germylene 1.8 and -stannylene
1.9 which have been shown to catalyze the hydroboration (Scheme 1.6) and
cyanosilylation of aldehydes.20 The mechanism of catalysis was calculated using density
functional theory (DFT). N-heterocyclic tetrylenes act as electrophiles, receiving
electrons from the N and O lone pairs on the trimethylsilyl cyanide and pinacolborane
(HBpin) substrates, respectively, allowing the addition of the C-Si and B-H bonds across
the carbonyl moiety (Scheme 1.6b).
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Scheme 1.6: Hydroboration of aldehydes achieved using germylene 1.8 and stannylene
1.9 catalysts

1.3 Lewis Acid Catalysis
Lewis acids and bases are compounds which accept an electron pair (Lewis acids) or
donate an electron pair (Lewis bases) and form a Lewis acid-base adduct (Scheme 1.7a).
The bond that is formed is typically represented as a dative bond, which will be utilized
throughout this thesis, denoting that heterolytic cleavage would occur at high
temperatures. Typically, Lewis acid catalysts function by coordinating a substrate. As a
consequence, the substrate becomes electrophilic. For example, in the presence of a
Lewis acid, a carbonyl moiety donates a lone pair from the oxygen and the carbonyl
carbon becomes more electrophilic (Scheme 1.7b).
Simple Lewis acids, such as the main group halides, have long been utilized in
catalytic applications. AlCl3, a ubiquitous Lewis acid, has been used to catalyze many
different reactions. For example, the hydrosilylation of alkenes is easily achieved under
mild conditions using AlCl3 as the catalyst (Scheme 1.8a).21 The reaction proceeds
stereospecifically with the addition of the silane yielding the anti-product. A common
application of Lewis acids is in Friedel-Craft alkylations. AlCl3 is most often employed
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with alkyl halides; however, it can also be used with alkenes and alkynes as substrates,
such as in the intramolecular cyclization of arenes with alkynes (Scheme 1.8b).22

Scheme 1.7: a) Example of Lewis acid adduct formation. b) Example of Lewis acid
activation of a carbonyl moiety.

Scheme 1.8: AlCl3 catalyzed reactions: a) Hydrosilylation of an alkene b) Intramolecular
Friedel-Crafts alkylation
The ability of simple main group Lewis acids halides to act as catalysts led to the
development of more complex ligand systems for main group Lewis acids. For example,
halogenated alkyl/aryl substituents on the main group elements are a common ligand used
to achieve higher selectivity and/or greater conversions. One of the most extensively
explored second generation main group Lewis acid catalysts is B(C6F5)3. The highly
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Lewis acidic borane has been used to catalyze a multitude of reactions. 23 For example,
the hydrosilylation of alkenes is easily achieved under mild conditions in
dichloromethane (Scheme 1.9).24 Notably, while traditional Lewis acids catalyze
hydrosilylation by coordination of the unsaturated substrate (alkene, alkyne, aldehyde,
etc.), B(C6F5)3 activates the Si-H bond of the silane, making the H-B(C6F5)3- borate and
the corresponding SiR3+ cation. The hydrosilylation proceeds without the concurrent
polymerization of styrene, a common side reaction observed with Lewis acid catalysts.

Scheme 1.9: Hydrosilylation of styrene catalyzed by B(C6F5)3
Another example of advanced ligand design is the application of multidentate
ligands that constrict the geometry of the Lewis acidic centre. For example, the tetragonal
phosphonium salt 1.10 with a planar corrole ligand exhibits high Lewis acidity and water
tolerance (Scheme 1.10).25 1.10 was shown to catalyze the challenging ring-forming Csp3H functionalization reaction (Scheme 1.10) as well as the exhaustive deoxygenation of Dglucose to hexane and hexene isomers.

Scheme 1.10: The catalytic ring-forming Csp3-H functionalization by phosphonium
catalyst 1.10.
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1.4 Frustrated Lewis Pairs
The field of Lewis acid/base catalysis underwent a paradigm shift with the
discovery of frustrated Lewis pairs (FLPs).26 A Lewis acid-base adduct is enthalpically
favoured when a Lewis acid and Lewis base are in solution. However, in FLPs, Lewis
acid-base adduct formation is unfavourable; different strategies can be used to alter the
equilibrium constant for adduct formation and favour the free Lewis acid and base. The
primary strategy utilized is to add sufficient steric bulk around the Lewis acid and the
Lewis base disfavouring the formation of the Lewis adduct. Other methods employed
take advantage of geometric constraints to prevent Lewis adduct formation.
In 2006, Doug Stephan and coworkers discovered that the phenylene bridged
bulky borane and phosphine 1.11 in the presence of hydrogen gas activated the hydrogenhydrogen bond yielding the zwitterion 1.12 (Scheme 1.11).27 The pentafluorophenyl and
mesityl (Mes) substituents on the boron and phosphorus centres, respectively, enhance
the Lewis acidity and basicity of the boron and phosphorus centre, respectively whereas
the steric bulk disfavours Lewis acid-base adduct formation. Through cooperative action,
1.11 can activate dihydrogen. Notably, heating the zwitterion 1.12 to temperatures over
100 °C resulted in the reversible dissociation of hydrogen gas and the regeneration of
FLP 1.11. The ability of frustrated Lewis pairs to activate small molecules has been
explored with various substrates, with the activation of CO2, CO, N2O, NO, SO2, olefins,
alkynes, and cyclopropanes being reported.26g-j

Scheme 1.11: H2 activation by an FLP.
The reversible activation and release of dihydrogen gas was an early observation
that led to frustrated Lewis pairs being developed as metal-free hydrogenation
catalysts.26f,28 Numerous hydrogenation substrates have been studied including imines,
nitriles, olefins, alkynes, anilines, enones, enamines, and silyl enol ethers.26f FLPs have
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also been shown to catalyze other reactions such as hydroamination, C-H bond borylation
and intramolecular cyclization.26f For example, the hydrogenation of imines was achieved
using iPr3SnOTf as the Lewis acid and collidine as the Lewis base, forming a frustrated
Lewis pair in situ (Scheme 1.12).29

Scheme 1.12: Hydrogenation of imines achieved with a Sn/N FLP catalyst
While the research on frustrated Lewis pairs has focused on hydrogenation
reactions of organic substrates, attempts to catalyze the hydrogenation of CO2, a C1
building block, have been unsuccessful; however, the stoichiometric hydrogenation of
CO2 has been achieved.30 An alternative pathway for the reduction of CO2, the FLP
catalyzed hydroboration of carbon dioxide with 9-Borabicyclo(3.3.1)nonane (9-BBN) has
been reported with the Si/N FLP 1.13 (Scheme 1.13).31 The reaction proceeds via
hydroboration reduction to the protected methanol derivative under mild conditions.

Scheme 1.13: Reduction of CO2 with a borane with FLP catalyst 1.13

1.5 Germanium Lewis Acids
While the field of p-block Lewis acid chemistry has focused on exploring the
chemistry of boron, aluminum and silicon-centred complexes, the field of germaniumbased Lewis acid chemistry is only emerging. In a recent review on main group Lewis
acid chemistry, the authors describe “The field of germanium Lewis acids is almost not
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established”,32 and in a recent review on group 14 and 15 Lewis acids in FLPs,
germanium was noticeably absent.33
Simple germanium chlorides and oxides, such as GeCl2, GeCl4, and GeO2, have been
used as Lewis acid catalysts, for example, in the conversion of aldehydes to β-keto esters,
the polymerization of isobutyl vinyl ether and the formation of polyethylene
terephthalate, respectively.34 While a few commercial applications for germanium Lewis
acids exist, the applications are minimal in comparison to the silicon and tin congeners
that are commonly used in synthetic chemistry and have generally outperformed their
germanium counterparts.35 For example, while GeCl4 can be used as a catalyst for
isobutyl vinyl ether polymerization, SnCl4 catalyzes the same reaction in a shorter
amount of time (336 hours vs 70 seconds) with substantially greater conversion (46% vs
93%).34b
There are only a few examples of germanium Lewis acids with a complex ligand
framework. The reactivity of the cationic germanium corrole Lewis acid 1.14 illustrates
the potential for germanium-based Lewis acid catalysis (Scheme 1.14).36 When 1.14 was
allowed to react with triethylamine, two products were observed: one in which a N-C
bond from triethylamine was activated (1.15) and another in which the β C-H bond of
triethylamine was activated (1.16).

Scheme 1.14: C-N and C-H bond activation of triethylamine achieved by the germanium
Lewis acid 1.14.
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Germanium has also been incorporated as the Lewis acid component of a frustrated
Lewis pair.37 While there are no examples of intermolecular FLPs using a germanium
Lewis acid component, the reactivity of an intramolecular geminal frustrated Lewis pair
was explored. The geminal FLP provides a geometrical constraint disfavouring the
formation of a 3-membered ring Lewis acid-base adduct. A variety of different geminal
Ge-P FLP’s have been synthesized and have been shown to activate small molecules such
as alkynes, isocyanates, HCl, and NO (Scheme 1.15). While successful in achieving
stoichiometric small molecule activation, the use of germanium FLPs as catalysts, as well
as in dihydrogen activation, has yet to be reported.

Scheme 1.15: Reactivity of Ge/P FLPs

1.6 Bis(catecholato)silanes
Recently, the bis(catecholato)- scaffold has been used to synthesize a variety of group
14 Lewis acid catalysts. For the purpose of this thesis, bis(catecholato)- complexes will
be abbreviated as E(catX)2(donor)2, where E is the central element, catX describes the
substituents on the catechol ring, and donor describes the ligated donors in
hypercoordinate complexes. Electron-withdrawing substituents on the catechol ring, such
as fluorine,38 chlorine,39 bromine,40 and fluoromethyl,41 increases the Lewis acidity of the
group 14 centre (Chart 1.1). The perhalogenated derivatives, Si(catF)2, Si(catCl)2(ACN)2,
and Si(catCl)2(ACN)2, are easily synthesized in one step in acetonitrile (ACN) using SiCl4
or HSiCl3 and the corresponding perhalogenated catechol. The fluoromethyl derivative,
Si(catCF3)2(sulfolane)2, on the other hand, required multiple steps to be synthesized.
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Except for the perfluorinated derivative, the bis(catecholato)silanes all contain weakly
bound donor solvent molecules such as acetonitrile and sulfolane.

Chart 1.1: Bis(catecholato)silanes showing the naming convention which will be utilized
throughout the thesis: E(catX)2(donor)2.
The bis(catecholato)silane complexes have been shown to catalyze a variety of
reactions, such as hydrosilylation,38 hydrodefluorination,39 and intramolecular carbonylolefin metathesis.41 The hydrosilylation of benzaldehyde derivatives catalyzed by
Si(catF)2 takes place in under an hour at room temperature illustrating the high catalytic
activity of these species (Scheme 1.16).38 Mechanistic studies revealed that catalysis
takes place via coordination of the aldehyde to the silane and not by coordination of the
silane as was observed in the hydrosilylation of benzaldehyde derivative using B(C6F5)3
as the catalyst. The hydrosilylation of aldehydes using Si(catF)2 as the catalyst tolerates
the use of bulky silanes which are unreactive with the bulky borane catalyst. However, in
consideration of the scope of aldehydes, electron-donating benzaldehyde derivatives were
not tolerated and gave substantially lower conversions compared to the electronwithdrawing derivatives, a limitation not observed when using B(C6F5)3.

Scheme 1.16: Hydrosilylation of para-nitrobenzaldehyde catalyzed by Si(catF)2.
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1.7 Scope of the Thesis
Bis(catecholato)silanes have been studied as Lewis acids extensively,38-41 and it has
been demonstrated that the Lewis acidity of the silane centre can be enhanced by altering
the catecholato substituents. Several catalytic applications, and in the case of Si(cat F)2, a
mechanistic

study

have

bis(catecholato)germanes

been
is

reported.

limited.42

Research

While

a

into

recent

the
report

reactivity

of

showed

that

bis(catecholato)germanes are highly Lewis acidic and catalyze hydrosilylation, FriedelCrafts alkylation, and intramolecular carbonyl-olefin metathesis reactions, the report is
limited to two derivatives of bis(catecholato)germanes and the scope and mechanism of
catalysis is limited.42
The potential of bis(catecholato)germanes as Lewis acid catalysts remains under
explored. Precedence for a green, sustainable synthesis of bis(catecholato)germanes has
been shown with the solvent-free mechanochemical synthesis of Ge(dtbc)2(py)2, where
dtbc is 3,5-di-tert-butylcatecholato and py is pyridine.43 Furthermore, the preliminary
work on the perchlorocatecholato derivatives demonstrated that not only are the
bis(catecholato)germanes

water-tolerable,

but

the

water

ligated

derivative,

Ge(catCl)2(H2O)x, can be used as a Lewis acid catalyst which provides an avenue for
water to be used as a solvent instead of organic solvents. With such promise for the
bis(catecholato)germanes, the goal of this thesis is to expand the field of
bis(catecholato)germane chemistry by synthesizing multiple bis(catecholato)germane
derivatives and assessing their Lewis acidity, exploring the scope of catalytic reactivity,
analyzing the mechanism by which bis(catecholato)germanes act as catalysts, and to
explore the application of bis(catecholato)germanes as frustrated Lewis pairs.
In chapter 2, the synthesis of a variety of bis(catecholato)germanes from
commercially available materials, in one step, via two different synthetic routes will be
presented. The Lewis acidity of the bis(catecholato)germanes will be assessed using the
Gutmann-Beckett, Fluoride Ion Affinity (FIA) and Global Electrophilicity Index (GEI)
methods.
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In chapter 3 the catalytic ability of the bis(catecholato)germanes will be assessed in
various reactions including the hydrosilylation of benzaldehyde derivatives, dimerization
of aryl alkenes, hydroboration of aryl alkynes, and Friedel-Crafts alkylation reactions.
The influence of the catecholato substituents and the donor ligands of the
bis(catecholato)germanes and the influence of donor additives on catalytic performance
and product selectivity will be examined.
In chapter 4, the mechanism of alkene oligomerization catalysis will be elucidated
using Density functional theory (DFT) calculations, a Hammett plot and rate law
experiments. A mechanism for the catalytic oligomerization of α-methylstyrene by
bis(catecholato)germanes is proposed.
In chapter 5 the reactivity of the Lewis acidic bis(catecholato)germanes with a variety
of bulky bases will be examined. The potential FLPs will be examined in both small
molecule activations and selected catalytic reactions. DFT will be used to understand the
reactivity trends.
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Chapter 2
2

Synthesis and Lewis Acidity Assessment of
Bis(catecholato)germanes

2.1 Introduction
2.1.1 Synthesis of Bis(catecholato)- Complexes with Group 14
Elements
An emerging scaffold for the design of Lewis acidic neutral group 14 catalysts, is
the catecholato framework. The bidentate catecholato ligands feature four sites for
substitution at the 3, 4, 5 and 6 positions of each aromatic ring providing the means to
tune the electronic environment about the Group 14 centre. The bis(catecholato)substituted tetrelanes exhibit two different coordination environments at the Group 14
element: a tetrahedral, tetracoordinate arrangement of ligands at the Group 14 centre,
E(cat)2 (where E = group 14 element, and cat = catechol), or an octahedral,
hexacoordinate structure, E(cat)2(donor)2, where two donor ligands (Lewis bases) are also
bound to the Lewis acidic centre (Figure 2.1). The hybridization of the central group 14
element in the hexacoordinate species is sp, allowing for 3-centre-4 electron bonding
between the oxygens of the catechol and the p-orbital from the group 14 element. The
empty sp hybrid orbitals are then available to bind Lewis bases.
The synthesis of bis(catecholato)silanes and -germanes generally follows two
different approaches: a substitution reaction between a E(IV) halide and the catechol, or a
redox reaction between germanium dichloride and an ortho-quinone. The first synthesis
of a bis(catecholato)silane used a substitution reaction of silicon tetrachloride and the
parent catechol and was believed to yield bis(catecholato)silane; 1 however, it was later
determined that the product likely had an oligomeric structure. To prevent
oligomerization, the use of donor solvents is necessary.2 The reaction of either SiCl4 or
GeCl4 and catechol in refluxing pyridine (py) results in the formation of Si(cat)2(py) and
Ge(cat)2(py)2, respectively (where cat = catecholato). Si(cat)2(NEt3) and Ge(cat)2(NEt3)2
can be formed in a similar manner by the addition of the corresponding group 14 halide
to catechol and triethylamine. Bis(perfluorocatecholato)silane, Si(catF)2, was synthesized
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using SiCl4 and tetrafluorocatechol in acetonitrile (ACN) at 0 °C.3 After warming to
room temperature overnight, an insoluble white powder was obtained in 53% yield
(Scheme 2.1a). Greb and coworkers reported the synthesis of Si(catCl)2(ACN)2 by the
addition of HSiCl3 to tetrachlorocatechol in ACN at -20 °C. After stirring for 20 minutes
at room temperature, the perchlorinated derivative was obtained as an insoluble white
precipitate (Scheme 2.1b).4 Greb and coworkers extended their research synthesizing and
characterizing the perbrominated analogue, Si(catBr)2(ACN)2, by adding HSiCl3 to
tetrabromocatechol in ACN at room temperature and then stirring at 40 °C for 12 hours to
give

Si(catBr)2(ACN)2 as

a

white

powder

(Scheme

2.1b).5

The

series

of

bis(catecholato)silanes was extended further when Si(catCF3)2(sulfolane)2, featuring the
strongly electron-withdrawing CF3 substituents on the catechol ring, was synthesized,
using a more elaborate substitution synthesis, (Scheme 2.1c). Employing a similar
strategy to the other halogenated bis(catecholato)silanes, HSiCl3 was added to a solution
of tetrakis(trifluoromethyl)guaiacol in acetonitrile; however, instead of the desired
bis(per(trifluoromethyl)catecholato)silane with two bound acetonitrile donors, the
formation of a chlorosilicate with a protonated acetonitrile counterion was observed. To
prevent solvent protonation, the addition of HSiCl3 was performed in a mixture of
sulfolane and benzene (97:3) to yield the desired Si(catCF3)2(sulfolane)2 in a 90% yield.
Only one halogenated bis(catecholato)germane derivative has been reported: the
synthesis of bis(perchlorocatecholato)germane, Ge(catCl)2(ACN)2.6 Notably, the synthesis
differed from that of the reported bis(catecholato)silanes in that the acetonitrile derivative
was not synthesized in one step. The addition of tetrachlorocatechol to germanium
dioxide in water yielded Ge(catCl)2(H2O)n (n = 4 or 6) in high yield. The water derivative
was then placed in a mixture of acetonitrile and dichloromethane in the presence of 3Å
molecular sieves, which facilitated the displacement and adsorption of water and the
formation of the acetonitrile ligated Ge(catCl)2(ACN)2. The reaction of GeO2 with 3,5-ditert-butylcatechol in refluxing pyridine for three days yielded Ge(3,5-dtbc)2(py)2.7
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Figure 2.1: a) The different coordination environments of bis(catecholato) complexes. b)
An orbital picture illustrating the sp hybridization of the group 14 element relative to the
octahedral geometry. c) The molecular orbitals involved in the 3-centre-4-electron
bonding in E(cat)2(Donor)2.
While the substitution reaction of group 14 halides with catechol has proven to be
a successful method for the synthesis of bis(catecholato)silanes and -germanes, the redox
reaction of ortho-quinones with GeCl2•dioxane or germanium powder is also a viable
route. Addition of 3,6-di-tert-butyl-ortho-quinone (3,6-dtbq) to GeCl2•dioxane in
tetrahydrofuran (THF) or diethyl ether (Et2O) yielded an equivalent of GeCl4 and the
desired Ge(3,6-dtbc)2(THF)2 or Ge(3,6-dtbc)2(Et2O)2, respectively.8 Ge(dtbc)2(py)2 can
also be synthesized, using green chemistry protocols, mechanochemically in a ball mill
with minimal solvent and using germanium powder and 3,5-di-tert-butylquinone in a
redox reaction.7
The ability to exchange donor ligands on bis(catecholato)germanes and -silanes
has been demonstrated. The pyridine ligands of Ge(cat)2(pyridine)2 can be displaced by
heating the compound in dimethylformamide (DMF), yielding Ge(cat)2(DMF)2.
Furthermore, the pyridine can be displaced by stirring Ge(cat)2(py)2 in an excess of
triethylamine, a stronger donor, at room temperature.
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Scheme 2.1: a) Synthesis of Si(catF)2. b) Synthesis of Si(catCl)2(ACN)2 and
Si(catBr)2(ACN)2. c) Synthesis of Si(catCF3)2(sulfolane)2. d) Synthesis of Ge(catCl)2 with
water and acetonitrile donor ligands.
The spectroscopic characterization of bis(catecholato)silanes and -germanes can
be a challenge. While the parent and alkyl-substituted catechol derivatives can be
characterized easily by 1H and

13

C NMR spectroscopy as well as X-ray diffraction, the

insolubility of the halogenated bis(catecholato)silane and germane derivatives prevents
solution-based characterization techniques from being effective. The characterization of
Si(catF)2 and Si(catCl)2(ACN)2 will be used as examples to illustrate. For Si(catF)2, a
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combination of

19

F NMR spectroscopy, elemental analysis (EA), and reactivity studies

were used to identify the species. For Si(catCl)2(ACN)2, characterization by electron
impact (EI) mass spectrometry revealed a signal corresponding to [Si(catCl)2]+. Elemental
analysis of the product revealed the presence of two equivalents of acetonitrile and IR
spectroscopy revealed a slight shift in the wavenumber of the signal assigned to the C-N
stretching vibration suggesting the acetonitrile is bound to the silicon centre and that the
compound is Si(catCl)2(ACN)2.
To provide further evidence for the formation of the halogenated bis(catecholato)
species, reactions to give soluble complexes facilitates characterization. Specifically,
Si(catF)2 was reacted with tris(dimethylamino)sulfonium difluorotrimethylsilicate, to give
the soluble penta-coordinated anion, [Si(catF)2F]-, and was reacted with N,N′diisopropylbenzamide, which coordinated thorough the oxygen atom of the amide group
to the silicon centre. Both reactions gave crystals suitable for X-ray crystallography
providing further evidence for the bis(catecholato)silane structure. Reactions of
Si(catCl)2(ACN)2

with

1

eq.

of

KF/[18]crown-6

and

2

eq.

of

tris(dimethylamino)sulfonium difluorotrimethylsilicate yielded the desired Si(catCl)2Fand Si(catCl)2F22- anions, respectively, the identity of which were confirmed by X-ray
crystallography.

2.1.2 Quantification of Lewis Acidity
Even though the concept of Lewis acidity has been around since the 1920’s, the
methods for the quantification of Lewis acid strength are still under active development.9
Unlike Brønsted acidity, which has a universal scale for assessing the strength of an acid
(pKa), Lewis acidity does not have a universal scale because the strength of a given
Lewis acid is highly dependent on the nature of the Lewis base. Specifically, Lewis bases
have different steric and electronic properties which can favor binding to one Lewis acid
over another. As such, it is common to employ a variety of methods to assess the Lewis
acidity of a given species.
While there is no universal method for assessing Lewis acidity, there are several
methods that are commonly employed. Lewis acidity can be determined both
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experimentally or computationally. Experimental methods, such as the GutmannBeckett10 and the Childs’ method11 use NMR spectroscopy to assess the Lewis acidity.
The Gutmann-Beckett method utilizes the

31

P{1H} NMR shift of coordinated

triethylphosphine oxide, while the Childs’ method uses the 1H NMR shift of the proton
on the β-carbon of coordinated crotonaldehyde. Pyridine-d512 and fluorobenzonitrile13
have also been used as NMR probes in Lewis acidity assessments, although to a lesser
extent. The Baumgartner and Caputo groups have utilized a dithienophosphole oxide as a
probe to assess Lewis acidity of a species by evaluating changes in the fluorescence
spectra between the uncomplexed and complexed Lewis acid. 14 Computationally,
Fluoride Ion Affinity (FIA) calculations, where the enthalpy of the reaction of a Lewis
acid with a fluoride anion is calculated, are commonly used to assess Lewis acidity.15
Similarly, the analogous hydride,16 chloride,17 methide,18 water,19 and ammonia20
affinities are also used to assess the

Lewis acidity of a compound.18 The Global

Electrophilicity Index (GEI) is a computational method in which the highest occupied
molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals (LUMO)
energies of a Lewis acid are used to assess its Lewis acid strength. 21 The GutmannBeckett, FIA, and GEI methods were used to assess the Lewis acidity of
bis(catecholato)silanes and -germanes, and thus, are discussed in detail.
The Gutmann-Beckett method is simple to perform.10 Typically, 1, 0.5 or 0.33
equivalents of triethylphosphine oxide is added to a solution of a Lewis acid and the
31

P{1H} NMR spectrum of the solution is recorded. The strength of the Lewis acid is

inferred by the downfield shift in the 31P{1H} NMR signal of the triethylphosphine oxide
upon coordination to the Lewis acid compared to that of free triethylphosphine oxide
(41.0 ppm in hexanes). The chemical shift can then be converted into an acceptor number
(AN) by the following formula:
(1)

AN = 2.21(δ31P{1H} – 41.0)

By converting the chemical shift to acceptor number, it places the Lewis acid on a scale
where SbCl5 has an acceptor number of 100 and hexanes has an acceptor number of 0
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(Table 2.1). Some examples of common Lewis acids are given in Table 2.1, Entries 2-7
and show ANs between 70-105.
FIA is determined by taking the negative value of the enthalpy change upon
binding a fluoride ion to a Lewis acid.15 FIA values can be calculated computationally or
determined experimentally. To calculate FIA values, an anchor point reaction must be
utilized as calculating the direct reaction of a Lewis acid with a naked fluoride ion is
unreliable at lower levels of theory. While several anchor point systems have been
developed, the most commonly used is the trimethylsilyl (TMS) system (Figure 2.2).22
Examples of common Lewis acids and their FIA values are presented in Table 2.2
(Entries 1-7) and show a range of FIA values between 323-505 kJ/mol.
Table 2.1: The

31

P{1H} chemical shifts and acceptor numbers of various Lewis acids

(using hexanes as a reference).
Entry Lewis Acid

31P{1H}

Chemical Shift (ppm) Acceptor Number

1

Hexanes10b

41.0

0

2

TiCl423

72.7

70

3

B(C6F5)323

78.1

82

4

AlCl323

80.3

87

5

BF3•Et2O24

80.9

88.5

6

SbCl510b

86.1

100

7

BCl324

88.7

105.7
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Figure 2.2: The reactions involved in the anchor point system for calculating FIA.
The determination of FIA’s experimentally is challenging. FIA values are
obtained using ion cyclotron resonance spectroscopy or through Born-Fajans-Haber
cycles both of which are far more elaborate methods than other methods of experimental
Lewis acidity assessments, with the former requiring specialized instrumentation and the
latter being challenging to measure.25 However, qualitative relative FIA tests are much
simpler, in which one Lewis acid (LAa) and a fluoride adduct of a second Lewis acid
[LAb-F]- are mixed in solution. The FIA of LAa can be determined to be greater than the
LAb if the fluoride is transferred between the Lewis acids, forming [LAa-F]- and LAb.
Conversely, if no change is observed, then LAa is weaker than the second.
Table 2.2: Calculated FIA values of common Lewis acids26
Entry Lewis Acid FIA (kJ/mol) Entry Lewis Acid FIA (kJ/mol)
1

SiCl4a

328

5

BF3a

346

2

GeCl4a

323

6

SbCl5a

438

3

B(C6F5)3b

448

7

BCl3a

404

4

AlCl3a

505

a) Energy calculated at the DLPNO-CCSD(T)/aug-cc-pVQZ level of theory. b) Energy calculated at the
DLPNO-CCSD(T)/cc-pVQZ level of theory.

The Global Electrophilicity Index (GEI) is the only method for the assessment of
Lewis acidity that is independent of the Lewis base. The GEI method utilizes the
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calculated energies of the HOMO and LUMO calculations of a Lewis acid to determine
chemical potential (μ) and chemical hardness (η) by the following formulas:21
(2)

μ = ½(EHOMO + ELUMO)

(3)

η = (ELUMO – EHOMO)

The chemical potential and chemical hardness values can be further converted to a GEI
value, ω:
ω = μ2/2η = χ2/2η

(3)

While the GEI method is easy to perform and is computationally inexpensive, it only
takes into account the inherent electronic properties of a Lewis acid and does not include
critical factors such as the steric bulk of the Lewis acid and Hard Soft Acid Base (HSAB)
factors. Thus, GEI values are not reliable for a comparison of the strengths of Lewis acids
which differ greatly in structure and electronic characteristics. For example, a comparison
of the GEI values of BF3 and B(C6F5)3 would not be reliable as the steric bulk of the
pentafluoroaryl substituents is not considered. However, GEI can be used to quickly
determine the Lewis acidity of a series of compounds which are very similar, in nature
such as a comparison of the halides within a group of the periodic table (BF3, AlF3, GaF3,
etc.) or a comparison of the Lewis acidity of compounds with the same Lewis acidic
centre, but different halide substituents (BF3, BCl3, BBr3, etc.).

2.1.3 Lewis Acidity of Bis(catecholato)silanes and -germanes
Previous reports have shown that bis(catecholato)silanes and -germanes with
electron-withdrawing substituents on the catechol ring are highly Lewis acidic.3-5
Gutmann-Beckett
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P{1H} chemical shifts and acceptor numbers, from the reaction of

bis(catecholato)silanes with one equivalent of triethylphosphine oxide, are presented in
Table 2.3. Notably, bis(catecholato)silanes with halogenated catechol ligands (Table 2.3,
Entries 3-5) have higher acceptor numbers than that of a derivative with alkyl
substituents, Si(dtbc)2, or the parent derivative Si(cat)2 (Table 2.3, Entries 1-2). The
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Lewis acidities of the halogenated bis(catecholato)silanes follow the trend of F<Cl<Br,
which is attributed to the greater size of the halogen which disfavours π-donation from
the lone pairs due to a greater mismatch in orbital size with the aromatic carbon p-orbitals
rather than the relative electronegativities and inductive effect of the halogen substituents.
While the coordination of one equivalent of triethylphosphine oxide is typically used to
determine acceptor numbers, the addition of two equivalents of triethylphosphine oxide
to Si(catCl)2(ACN)2 led to the formation of Si(catCl)2(OPEt3)2 species. Attempts to assess
the Lewis acidity of the germanium-based Ge(catCl)2(ACN)2 using the Gutmann-Beckett
method were unsuccessful due to the preferential formation of the hexacoordinate species
over the pentacoordinate neutral germanium species.6 The formation of both the cis- and
trans-Ge(catCl)2(OPEt3)2 was observed in the 31P{1H} NMR spectrum. Although a direct
comparison of the Lewis acidity with other Lewis acids which only coordinate one
equivalent of triethylphosphine oxide could not be made, the higher
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P{1H} NMR shift

of the cis- and trans-Ge(catCl)2(OPEt3)2 species, 75.1 and 70.1 ppm respectively,
compared to the silicon derivative Si(catCl)2(OPEt3)2, at 73.1 ppm,4 implies a greater
Lewis acidity for the germanium species.
Table 2.3: The
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P{1H} chemical shift and acceptor numbers from Gutmann-Beckett

experiments with bis(catecholato)silanes.5
Entry Si(catX)2-OPEt3 δ31P{1H} NMR (ppm) Acceptor Number
1

Si(dtbc)2

81.6

90

2

Si(cat)2

83.2

93

3

Si(catF)2

86.6

101

4

Si(catCl)2

87.2

102

5

Si(catBr)2

87.3

102

To further assess the Lewis acidity of the bis(catecholato)- group 14 species,
fluoride ion affinity (FIA) calculations were performed.3-6 The results are presented in
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Table 2.4. The FIA values of the bis(catecholato)silanes are in agreement with the
experimental results from the Gutmann-Beckett analysis; however, the FIA of Ge(catCl)2,
504 kJ/mol (Table 2.4 Entry 5), is lower than that of Si(catCl)2, 507 kJ/mol (Table 2.4
Entry 3) and does not correlate to the greater
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P{1H} NMR shift observed for the bis-

ligated Ge(catCl)2(OPEt3)2 compared to the Si(catCl)2(OPEt3)2 species. Si(catCl)2,
Si(catBr)2, and Ge(catCl)2 are designated as Lewis superacids, a Lewis acid which has a
FIA greater than that of SbF5. This was further confirmed in reactivity studies of the
silicon derivatives by reacting [cation][SbF6] with Si(catCl)2(ACN)2 and Si(catBr)2(ACN)2
which led to the formation of Si(catX)2F-.
Table 2.4: Calculated FIA values for the bis(catecholato)silanes.
Entry Compound FIA (kJ/mol)a
1

Si(cat)2

391

2

Si(catF)2

490

3

Si(catCl)2

507

4

Si(catBr)2

538

5

Ge(catCl)2

504

a) Calculated at DLPNO-CCSD(T)/aug-cc-pVQZ//PW6B95-D3(BJ)/def2-TZVPP level of theory

2.1.4 Project Goal: Bis(catecholato)germanes
Given that bis(catecholato)silanes with electron-withdrawing substituents on the
catechol ring are strong silicon Lewis acids, there are only a limited number of
investigations of germanium-based Lewis acids, and the softer nature of germanium
compared

to

silicon,

I

decided

to

explore

the

synthesis

of

various

bis(catecholato)germanes and assess their Lewis acidity using fluoride ion affinity and
global electrophilicity index calculations, as well as the Gutmann-Beckett method. The
results herein will be compared to the synthesis of bis(perchlorocatecholato)germane
derivatives with water and acetonitrile donor ligands and the silicon derivatives and the
Lewis acidity of the bis(catecholato)germanes will be compared to their silicon congeners
and other common main group Lewis acids.
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2.2 Results and Discussion
2.2.1 Synthesis and Reactivity
The syntheses of the bis(catecholato)germane derivatives were achieved using
two different routes: the addition of a substituted quinone to GeCl2•dioxane (Route A) or
the addition of a substituted catechol to GeCl4 (Route B) (Scheme 2.2). The choice of
reaction pathway was made on the basis of the availability and cost of the starting
catechol/quinone.

Scheme 2.2: a) Synthesis of bis(catecholato)germanes via two different routes. b) A
proposed mechanism for the redox reaction between quinone and GeCl2•diox (dioxane
and quinone substituents were omitted for clarity).
The synthesis of the 3,5-di-tert-butyl-substituted derivatives was achieved using
route A. Addition of 3,5-di-tert-butylquinone to GeCl2•diox in either THF or ACN
yielded Ge(3,5-dtbc)2(THF)2 or Ge(3,5-dtbc)2(ACN)2 as white solids in 87% or 74%
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yield, respectively. Attempts to synthesize these compounds by route B resulted in
substantially lower yields. The complexes were characterized by 1H and

13

C NMR

spectroscopy, infrared (IR) spectroscopy, electron-impact mass spectrometry (EI-MS),
and, in the case of Ge(3,5-dtbc)2(THF)2, X-ray crystallography (Figure 2.3). The
germanium-catecholato oxygen bond distances of Ge(3,5-dtbc)2(THF)2 (Ge1-O1:
1.8247(13) and Ge1-O2: 1.8297(13) Å) are comparable to those of Ge(3,6-dtbc)2(THF)2
(1.819(1) Å) and Ge(3,6-dtbc)2(Et2O)2 (1.8186(7) and 1.8256(7) Å),8 and are shorter than
the corresponding bond distances in Ge(3,5-dtbc)2(pyridine)2 (1.847(1) and 1.849(1) Å)
which features pyridine donor ligands.7

Figure 2.3: Thermal ellipsoid plot of Ge(3,5-dtbc)2(THF)2 showing naming and
numbering scheme. Ellipsoids are at the 50% probability level and hydrogen atoms were
omitted for clarity. Selected bond lengths (Å) and angles (°): Ge1-O1 = 1.8247(13), Ge1O2 = 1.8297(13), Ge1-O3 = 2.1126(14); O1-Ge1-O2 = 89.60(6), O1-Ge1-O3 = 90.69(6);
O2-Ge1-O3 = 92.23(6).
With the successful synthesis of the donor-complexed Ge(3,5-dtbc)2 derivatives,
the

same

strategy

(Route

bis(perchlorocatecholato)germanes:

A)

was

applied

Ge(catCl)2(THF)2,

to

synthesize

Ge(catCl)2(Et2O)2

the
and
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Ge(catCl)2(ACN)2 in 48%, 87% and 88% yields, respectively. Notably, the yield of
Ge(catCl)2(ACN)2 is comparable to that derived from GeO2 (91% overall yield)6 and
provides an alternative one-step synthesis for Ge(catCl)2(ACN)2 from commercially
available materials. Furthermore, using tetrachlorocatechol and GeCl4, the chlorinated
complexes can also be synthesized via route B, albeit in a lower yield. Using the
commercially available tetrabromocatechol, Ge(catBr)2(THF)2 (46%), Ge(catBr)2(Et2O)2
(11%) and Ge(catBr)2(ACN)2 (15%) were obtained via route B. While the Ge(3,5-dtbc)2
derivatives are readily soluble in most organic solvents and could be characterized by
NMR spectroscopy, the halogenated derivatives are scarcely soluble. Due to the
insolubility of these compounds and the lack of convenient NMR nuclei, characterization
was limited to EI-MS for the halogenated derivatives.
To further confirm the formation of the bis(catecholato)germanes, the THF
derivatives were reacted with NBu4Cl to form the corresponding chlorogermanates that
were easily identified by electrospray ionization mass spectrometry (ESI-MS) (Scheme
2.3). In the case of [NBu4][Ge(catBr)2Cl] single crystals suitable for X-ray crystallography
were grown. The molecular structure shows a pentacoordinated germanium centre
(Figure

2.4).

Comparing

this

structure

to

that

of

the

hexacoordinated

[NBu4]2[Ge(catCl)2Cl2] reported by Greb et al., it is found that the Ge-O bond distances
are similar in length and the Ge-Cl distance of [Ge(catBr)2Cl]-, 2.1622(13) Å, is slightly
shorter than those in [Ge(catCl)2Cl2]2-, 2.353(2) Å.6 Ge(3,5-dtbc)2(THF)2 was also reacted
with excess pyridine to give the known Ge(3,5-dtbc)2(pyridine)2,7 as observed by 1H
NMR spectroscopy. The observed reactivity implies the weak donor ligands, THF and
ACN, are sufficiently labile to be displaced by a chloride anion or a strong donor, such as
pyridine.
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Scheme 2.3: Addition of NBu4Cl and pyridine to bis(catecholato)germanes.

Figure 2.4: Thermal ellipsoid plot of [NBu4][Ge(catBr)2Cl] showing naming and
numbering scheme. Ellipsoids are at the 50% probability level. NBu4 cation and
hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (°): Ge1O1 = 1.8387(16), Ge1-O2 = 1.8529(16), Ge1-O3 = 1.8489(16), Ge1-O4 = 1.8369(16),
Ge1-Cl1 = 2.1622(13); O1-Ge1-O4 = 150.29(8), O2-Ge1-O3 = 158.98(8), O1-Ge1-Cl1 =
106.68(6), O3-Ge1-Cl1 = 99.60(6).

2.2.2 Lewis Acidity Assessment – Gutmann Beckett
To assess the Lewis acidity of the bis(catecholato)germanes, the GutmannBeckett method was employed.10 Sub-stoichiometric amounts of triethylphosphine oxide
was added to a suspension (or solution for the dtbc derivative) of both the THF and the
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ACN derivatives of each bis(catecholato)germane in CH2Cl2 (1 mg/mL) and a

31

P{1H}

NMR spectrum of the mixture was recorded. The sub-stoichiometric amounts of
triethylphosphine oxide and the dilute concentration gave rise to chemical shifts in the
82-88 ppm range, similar to the

31

P{1H} chemical shifts of the mono-OPEt3 adducts of

the analogous bis(catecholato)silanes (Table 2.5).5 An increase in acceptor number of 6
and 9 was observed for both the Ge(catCl)2 and Ge(catBr)2 derivatives (Table 2.5, Entries
2-3) when the acetonitrile-bound complexes are utilized for the experiments compared to
the THF-bound complexes suggesting that the donor has an influence on the Lewis
acidity of the halogenated complexes but not the Ge(dtbc)2 derivatives. These
observations

are

consistent

with

the

formation

of

a

hexacoordinated

Ge(catX)2(OPEt3)(Donor) complex where one of the solvent donors remains ligated upon
the addition of triethylphosphine oxide rather than the formation of a pentacoordinate
Ge(catX)2(OPEt3) complex. To confirm that the results of these sub-stoichiometric
experiments were consistent with the formation of a mono-OPEt3 adduct, the soluble
Ge(3,5-dtbc)2(THF)2 was reacted with exactly one equivalent of OPEt3 in CD2Cl2 in a
concentrated solution (0.048 M). In the resulting 31P{1H} NMR spectrum, only one signal
at 82.2 ppm was observed which was assigned to Ge(dtbc)2(OPEt3) consistent with the
chemical shifts observed in the sub-stoichiometric experiments. The dissociation of the
THF ligands of Ge(dtbc)2(THF)2 upon reaction with triethylphosphine oxide was
confirmed in the 1H NMR spectrum of Ge(dtbc)2(OPEt3), which showed a shift in the 1H
NMR signals assigned to the THF moiety compared to Ge(dtbc)2(THF)2. Furthermore,
the chemical shifts of the THF in the Ge(dtbc)2(THF)2 + OPEt3 solution, match those of
free THF and integrate to the value expected for two molecules. The observed
dissociation of THF is consistent with the conclusion that the donor ligands for
Ge(dtbc)2(donor)2

derivatives

bis(catecholato)germane core.

do

not

influence

the

Lewis

acidity

of

the
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Table 2.5: Lewis Acidities of bis(catecholato)germanes and -silanes as determined by the
Gutmann-Beckett method.
Entry

Product

31P{1H}

Chemical Shift (ppm)

2

3

M(3,5-dtbc)2
(OPEt3)
M(catCl)2
(OPEt3)•donor
M(catBr)2
(OPEt3)•donor

Chemical Shift

{Acceptor Number}

(ppm)

[M = Ge]

{Acceptor Number}

Donor = THFa
1

31P{1H}

Donor = ACNb

[M = Si]5

82.6 {92}

82.8 {92}

81.6 {90}c

84.0 {95}

88.2 {104}

87.2 {102}b,d

85.7 {99}

88.4{105}

87.3 {102}b,d

a) Starting from Ge(catX)2(THF)2; b) starting from M(catX)2(ACN)2; c) starting from Si(3,5-dtbc)2; d)
Ligated donor was not observed in the silicon derivatives.

The reaction of Ge(3,5-dtbc)2(THF)2 with two equivalents of triethylphosphine
oxide was also explored and revealed only a single signal at 61.9 ppm in the
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P{1H}

NMR spectrum (Figure 2.5). No diastereotopic PCH2 signals, characteristic of a cisisomer, were observed in the 1H NMR spectrum, and thus, the structure of the product
was assigned to the trans-isomer. The increased steric bulk around the catechol ring of
Ge(3,5-dtbc)2 evidently prevents the formation of the cis-isomer. Interestingly, the
addition of three equivalents of triethylphosphine oxide to Ge(3,5-dtbc)2(THF)2 resulted
in a broad signal at 58.8 ppm in the 31P{1H} NMR spectrum. To understand the spectrum,
variable temperature NMR (VT-NMR) experiments, from 25 °C to -80 °C, were
performed on the mixture (Figure 2.6). As the solution was cooled, the signal at 58.8 ppm
broadened and then disappeared into the baseline of the spectrum. Two
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P{1H} NMR

singlets at 66.6 and 53.5 ppm appeared at -80 °C which, on the basis of chemical shift,
were assigned to trans-Ge(dtbc)2(OPEt3)2 and free triethylphosphine oxide, respectively.
The results of the VT-NMR experiments suggest a dynamic process between the diOPEt3 adduct of the germane and free triethylphosphine oxide. A solution of Ge(3,5dtbc)2(THF)2 (1 eq.) and triethylphosphine oxide (3 eq.), dissolved in CH2Cl2 and layered
with cyclohexane, yielded crystals of trans-Ge(dtbc)2(OPEt3)2 suitable for X-ray
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crystallography (Figure 2.7). The bond lengths and angles are comparable to that of
trans-Ge(catCl)2(OPEt3)2 reported by Greb et al.6

Figure 2.5: 1H NMR (400 MHz in CD2Cl2) stacked spectra of Ge(3,5-dtbc)2(THF)2 and
various equivalents of triethylphosphine oxide

Figure 2.6: 31P{1H} VT-NMR spectrum of a solution containing 1 eq. Ge(dtbc)2(THF)2
and 3 eq. of OPEt3, at room temperature (top) and -80 °C (bottom) (66.6 ppm=transGe(dtbc)2(OPEt3)2; 53.5 ppm= OPEt3)
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Figure 2.7: a) Thermal ellipsoid plot of Ge(3,5-dtbc)2(OPEt3)2 showing naming and
numbering scheme. Ellipsoids are at the 50% probability level and hydrogen atoms were
omitted for clarity. Selected bond lengths (Å) and angles (°): Ge1-O1 = 1.9863(8), Ge1O2 = 1.8467(7), Ge1-O3 = 1.8484(8), P1-O1 = 1.5208(7); O1-Ge1-O2 = 89.75(3), O1Ge1-O3 = 90.36(3); O2-Ge1-O3 = 88.61(3).
The reactivity of the halogenated bis(catecholato)germanes with triethylphosphine
oxide in concentrated solution illustrated reactivity which differs compared to that of the
Ge(3,5-dtbc)2

derivative.

Notably,

at

20

mg/mL,

the

halogenated

bis(catecholato)germanes did not dissolve completely, and thus, without a diagnostic 1H
NMR signal for the halogenated derivatives, the ratio of OPEt3 to germane in solution
cannot be accurately determined. Adding 0.5 or one equivalent of triethylphosphine oxide
to a suspension of either Ge(catCl)2(THF)2 or Ge(catBr)2(THF)2 in CD2Cl2 (20 mg/mL)
resulted in the appearance of three signals in the

31

P{1H} NMR spectrum, two of which

were assigned to the cis and trans di-OPEt3 adducts (the di-OPEt3 adducts are observed in
the range of 70-76 ppm in the

31

P{1H} NMR spectra, Figure 2.8 and Figure 2.9,

respectively. The observation of both the cis and the trans di-OPEt3 adducts of the
germanes is consistent with the results reported by Greb et al.6 This is further confirmed
in the 1H NMR spectrum, for both the chloro and bromo derivatives, where diastereotopic
1

H signals at 2.0-2.5 ppm for the cis-Ge(catX)2(OPEt3)2 are observed (Figure 2.10). The

remaining broad

31

P{1H} signal, observed at 78.4 ppm or 77.9 ppm for the chloro- and
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bromo-derivatives respectively, was assigned to Ge(catX)2(OPEt3)(THF) on the basis of
the greater

31

P{1H} NMR shift compared to the di-OPEt3 adducts. The downfield shift,

compared to the di-OPEt3 adducts, is attributed to the weaker THF donor causing an
increase in Lewis acidity of the Ge core. Notably, the chemical shift of this signal is
upfield of that recorded under dilute conditions (see Table 2.5) and the signal is broad,
indicative of dynamic exchange of the donor ligands between Ge(catX)2(OPEt3)(THF)
and Ge(catX)2(OPEt3)2. Reaction of the halogenated bis(catecholato)germanes with 2 or 3
equivalents of triethylphosphine oxide resulted in the disappearance of the signal
assigned to Ge(catX)2(OPEt3)(THF), an increase in the sharpness of the

31

P{1H} NMR

signal assigned to the trans di-OPEt3 adduct of the germane and the appearance of a
signal assigned to free triethylphosphine oxide (Figure 2.8 and Figure 2.9).

Figure 2.8: 31P{1H} NMR (162 MHz in CD2Cl2) stacked spectra of Ge(catCl)2(THF)2 and
various equivalents of triethylphosphine oxide
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Figure 2.9: 31P{1H} NMR (162 MHz in CD2Cl2) stacked spectra of Ge(catBr)2(THF)2 and
various equivalents of triethylphosphine oxide
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Figure 2.10: 1H NMR (400 MHz in CD2Cl2) stacked spectra of Ge(catBr)2(THF)2 and
various equivalents of triethylphosphine oxide. Similar signals for the chlorinated
derivative were observed and in agreement with the literature.6

2.2.3 Lewis Acidity Assessment – FIA and GEI Calculations
To further assess the Lewis acidity of the bis(catecholato)germanes, fluoride ion
affinity (FIA)15 and global electrophilicity index (GEI)21 calculations were performed
using ORCA version 4.2.0 at the B3LYP D3(BJ)/def2-TZVPP//PBEh-3c/def2-mSVP
level of theory.27 The results, as well as the FIA values of the analogous silicon
derivatives,5 are shown in Table 2.6. The FIA calculations demonstrate that the Lewis
acidity of the donor-less bis(catecholato)germanes is comparable to that of the
bis(catecholato)silanes and that the Lewis acidity of the parent catechol derivative and
that of the tert-butyl-substituted derivative (Table 2.6, Entries 1-2) is less than that of the
halogenated derivatives (Table 2.6, Entries 3-5). Notably, the range of the FIA values of
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the halogenated bis(catecholato)germanes is much narrower (11 kJ/mol) compared to the
halogenated bis(catecholato)silanes (48 kJ/mol) suggesting that the choice of halogen
substituents on the bis(catecholato)germanes influences the strength of the Lewis acid
less than in the silane derivatives (Table 2.6, Entries 3-5). The FIA values for Ge(catCl)2
(508 kJ/mol) and Ge(catBr)2 (513 kJ/mol) are greater than the FIA value calculated for
SbF5 (507 kJ/mol) designating these germane derivatives as Lewis superacids (Table 2.6,
Entries 4-5).
Table

2.6:

Computational

results

for

the

FIA

and

GEI

values

of

the

bis(catecholato)germanes and the reported FIA values for the bis(catecholato)silanes for
comparison.
FIA (kJ/mol)a FIA (kJ/mol)b GEI (eV)a
[M = Ge]
[M = Si]5
[M = Ge]

Entry

Compound

1

M(3,5-dtbc)2

433

-

1.20

2

M(cat)2

416

391

1.06

3

M(catF)2

502

490

2.10

4

M(catCl)2

508

507

1.92

5

M(catBr)2

513

538

2.01

6

M(3,5-dtbc)2(ACN)

429

-

1.45

7

M(cat)2(ACN)

420

-

1.48

8

M(catF)2(ACN)

484

-

2.16

9

M(catCl)2(ACN)

492

-

2.17

10

M(catBr)2(ACN)

500

-

2.20

11

M(catBr)2(Et2O)

498

-

1.69

12

M(catBr)2(THF)

494

-

1.68

a) = B3LYP D3(BJ)/def2-TZVPP//PBEh-3c/def2-mSVP; b) = DLPNO-CCSD(T)/aug-cc-pVQZ//PW6B95D3/def2-TZVPP. FIA of SbF5a = 507 kJ/mol; FIA of SbF5b = 501 kJ/mol; FIA of Ge(catCl)2b = 504 kJ/mol6

To understand the influence of the donor ligands on the stability of the complexed
bis(catecholato)germanes, the relative energies of the mono-ligated and donor-less
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bis(perbromocatecholato)germanes were compared to the bis-ligated complex (Table
2.7). The removal of both the first and second donor ligand, where the donor is THF or
ACN, is both endothermic and endergonic, in contrast with the results reported for the
bis(catecholato)silane, Si(catCl)2(ACN)2, where dissociation of both donors was overall
exergonic.4 The calculations of the bis(catecholato)germanes suggest that complete
dissociation of both donor ligands is unlikely for these complexes. As such, the FIA
values for the mono-ACN ligated series of bis(catecholato)germanes and, in the case of
the bromo-derivative, the FIA values for the mono-THF and mono-Et2O complexes were
also computed (Table 2.6). Notably, the FIA values of the mono-ligated
bis(catecholato)germanes (Table 2.6, Entries 6-12) were 4-16 kJ/mol lower than their
donor-free counterparts (Table 2.6, Entries 1-5), with the largest differences observed for
the halogenated derivatives. Furthermore, the stronger the donor ability of the ligand
(ACN<Et2O<THF), the lower the FIA value, and consequently, the complex is a weaker
Lewis acid.
Table 2.7: Relative energies of Ge(catBr)2 derivatives.
Entry

Complex

Relative Enthalpya
(kJ/mol)

Relative Gibbs Free Energya
(kJ/mol)

1

Ge(catBr)2(ACN)2

0

0

2

Ge(catBr)2(ACN) +
ACN

93.81

29.57

3

Ge(catBr)2 + 2ACN

165.98

33.98

a) = BP86 D3(BJ)/def2-SVP//PBEh-3c/def2-mSVP

The calculation of the global electrophilicity index (GEI) values of the
bis(catecholato)germanes was also performed (Table 2.6).21 The GEI values of the
bis(catecholato)germanes correlate well to the FIA values except for the donor-free
Ge(catF)2 complex which has a higher GEI value compared to the chloro- and bromoderivatives.
The results from the three different methods of Lewis acidity assessment
demonstrate that the Lewis acidity of the halogenated derivatives of the
bis(catecholato)germanes is greater than that of the tBu-substituted and parent catechol
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derivatives. Using both the FIA and the Gutmann-Beckett methods, a consistent trend in
the Lewis acidity of the halogenated bis(catecholato)germanes was observed (Br > Cl >
F). Interestingly, the GEI values of the donor-free complexes do not follow the same
trend with Ge(catF)2 having the highest GEI value. However, the GEI values of the monoligated derivatives are consistent with the FIA and Gutmann-Beckett trends. Notably, the
range of FIA values among the halogenated bis(catecholato)germanes is narrower than
their

silane

counterparts,

suggesting

that

the

choice

of

halogenated

bis(catecholato)germane to employ as a Lewis acid catalyst will not greatly affect the
reactivity. Instead, the choice of germanium Lewis acid can be governed by ease of
synthesis

and

the

cost

of

the

starting

materials

required

to

make

the

bis(catecholato)germane. Furthermore, the results of the Lewis acidity assessments
suggest that the catalytic activity may be easily tuned for a given reaction by altering the
donor ligand.
Compared to commonly used main group Lewis acids such as BF3 (AN = 88.5,
FIA = 346 kJ/mol), AlCl3 (AN = 87, FIA = 505 kJ/mol), and B(C6F5)3 (AN = 82, FIA =
448 kJ/mol), the halogenated bis(catecholato)germanes are more Lewis acidic with
acceptor numbers of 104-105 for the acetonitrile derivatives, and FIA values of 502-513
kJ/mol for the donorless derivatives. Even the FIA values of the bound ACN derivatives
of the halogenated bis(catecholato)germanes, 484-500 kJ/mol, are more Lewis acidic that
both BF3 and B(C6F5)3. The less Lewis acidic Ge(dtbc)2 derivative has a higher AN (AN
= 92) than BF3, AlCl3 and B(C6F5)3. However, the FIA values of the Ge(dtbc)2 derivative
(donorless = 433 kJ/mol, ACN = 429 kJ/mol), are higher than that of BF3, slightly lower
than B(C6F5)3, and significantly lower than AlCl3. Nevertheless, the comparisons
between the bis(catecholato)germanes and BF3, AlCl3, and B(C6F5)3, illustrate the high
Lewis acidity afforded by the bis(catecholato)- scaffold.

2.3 Conclusions
Herein, the synthesis of various bis(catecholato)germanes with weak donor
ligands are reported. The Lewis acidity of the bis(catecholato)germanes was assessed
experimentally by the Gutmann-Beckett method, as well as computationally by
calculating the FIA and GEI values. Our results confirm that the Lewis acidity of the
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germane

derivatives

is

comparable

to

that

of

the

previously

reported

bis(catecholato)silanes, and as such, are promising catalysts for organic transformations.

2.4 Experimental
2.4.1 General Experimental
All reactions were conducted under a nitrogen atmosphere using an MBraun
Labmaster 130 glovebox. Solvents and reagents were purified by standard methods.
GeCl2•diox (Gelest), tetrabromocatechol (Sigma-Aldrich), tetrachlorocatechol (SigmaAldrich), ortho-tetrachloroquinone (Fisher), and 3,5-di-tert-butylquinone (Fisher) were
obtained from commercial sources. NMR data were obtained on a 600 MHz INOVA, 400
MHz INOVA or a 400 MHz Bruker Avance III NMR spectrometer. The standards used
were as follows: residual CHCl3 (7.26 ppm), CHDCl2 (5.32 ppm), toluene-d7 (2.09 ppm)
relative to TMS for 1H NMR spectra; CDCl3 (77.16 ppm) for 13C NMR spectra; J values
are reported in Hertz. ESI mass spectra were recorded on a Bruker microTOF II mass
spectrometer with an electrospray interface in negative ion mode while EI mass spectra
were recorded on a Thermo Scientific DFS (Double Focusing Sector) mass spectrometer
(reported in mass-to-charge units, m/z). Elemental analyses were performed by the
University of Western Ontario – Analytical Services using an Elementar Vario Isotope
Cube CHNS Analyzer.

2.4.2 Synthesis of Bis(catecholato)germanes
2.4.2.1 Route A: Synthesis from GeCl2•diox and Quinone

A solution of quinone (2.50 mmol) dissolved in THF, Et2O or ACN (3 mL)
was added dropwise to a clear solution of GeCl2•diox (0.58g, 2.50 mmol) dissolved in
the same solvent (3 mL). For the di-tert-butyl derivatives, the solution became pale
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yellow during the course of the addition. After 18 h of stirring, the crude reaction
mixture was dried in vacuo. The resulting white solid was triturated in hexanes and
then dried. For the chlorinated derivatives, the reaction mixture turned orange and a
pale peach solid precipitated from solution. The reaction mixture was allowed to stir
overnight. The precipitate was separated by centrifugation and then dried in vacuo.
The mother liquor was placed in the freezer overnight which resulted in the
precipitation of more solid which was subsequently isolated by centrifugation and
dried in vacuo.
Ge(dtbc)2(THF)2:28 Yield = 87%; 1H NMR (CDCl3, 400 MHz):  6.88 (br, 2 H), 6.75
(br, 2 H), 3.91-3.84 (m, 8 H), 1.96-1.89 (m, 8 H), 1.44 (br s, 18 H), 1.29 (s, 18 H); 13C
NMR (CDCl3, 100.61 MHz):  142.9, 141.9, 141.2, 135.5, 115.6, 110.3, 68.3, 35.0, 34.4,
31.7, 29.7, 25.7; EI-MS m/z 514.2123 (calcd for C28H4074GeO4, m/z 514.2139) (M2THF).
Ge(dtbc)2(ACN)2: Yield = 74%; 1H NMR (CDCl3, 400 MHz): Product was too
insoluble to obtain clean NMR data; EI-MS m/z 514.26 (calcd for C28H4074GeO4, m/z
514.2138) (M-2ACN).
Ge(catCl)2(THF)2: Yield = 48%; EI-MS: m/z 557.6651 (calcd for C1235Cl870GeO4, m/z
557.6548) (M-2THF).
Ge(catCl)2(Et2O)2: Yield = 87%; EI-MS: m/z 557.6538 (calcd for C1235Cl870GeO4, m/z
557.6548) (M-2Et2O).
Ge(catCl)2(ACN)2:6 Yield = 88%. EA: calcd for C16H6Cl8GeO4N2: 29.73% C, 0.94% H;
found 29.70% C, %H was below the method reporting limit.

2.4.2.2 Route B: Synthesis from GeCl4 and Catechol
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A clear solution of GeCl4 (0.1 g, 0.47 mmol) in THF, Et2O or ACN (3 mL) was
added dropwise to a suspension of either tetrachlorocatechol or tetrabromocatechol
(0.94 mmol) in THF, Et2O or ACN (3 mL) cooled to 0 °C (For the ACN derivative, 2
mL of DCM was also added to improve solubility of the catechol). After 30 minutes, the
formation of white precipitate was observed, and the reaction mixture was warmed to
room temperature and allowed to stir overnight. The precipitate was separated by
centrifugation, triturated with DCM, and then dried in vacuo.
Ge(catBr)2(THF)2: Yield = 46%; EI-MS: m/z 919.25 (calcd for C1279Br381Br574GeO4, m/z
919.2414) (M-2THF); EA: calcd for C20H16Br8GeO6: 22.57% C, 1.52% H; found 22.89
%C, %H was below the method reporting limit.
Ge(catBr)2(Et2O)2: Yield = 11%; EI-MS: m/z 919.26 (calcd for C1279Br381Br574GeO4, m/z
919.2414) (M-2Et2O).
Ge(catBr)2(ACN)2: Yield = 15%; EI-MS: m/z 919.25 (calcd for C1279Br381Br574GeO4, m/z
919.2414) (M-2ACN); EA: calcd for C14H3Br8GeO4N (M-ACN): 17.50% C, 0.31% H;
found 17.51% C, %H was below the method detection limit.

2.4.3 Reactions of Bis(catecholato)germanes with
Tetrabutylammonium Chloride
To a solution/suspension of the bis(catecholato)germane derivative (0.032 mmol) in THF
(2 mL) was added a solution NBu4Cl (0.009 g; 0.032 mmol) in THF (2 mL) dropwise and
the reaction mixture was allowed to stir overnight. The resulting clear solution was dried
in vacuo to yield the resulting bis(catecholato)germanium chloride salt.
[NBu4][Ge(dtbc)2Cl]: Yield = 89%; 1H NMR (CDCl3, 400 MHz):  6.77 (br, 2 H), 6.63
(br, 2 H), 2.92 (m, 8 H), 1.43 (s, 18 H), [1.22-1.37 (br), 1.25 (s), 34 H total] 0.87 (t, 12
H); 13C NMR (CDCl3, 100.61 MHz):  147.66, 144.28, 138.83, 132.43, 112.14, 106.98,
58.37, 34.80, 34.48, 32.07, 29.81, 23.88, 19.60, 13.75. ESI-MS (negative ion) 549.1537
m/z (calcd for C28H4035ClO470Ge, [Ge(dtbc)2Cl-] m/z 549.1806).
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[NBu4][Ge(catCl)2Cl]: Yield = >100%1; 1H NMR (CDCl3, 400 MHz):  3.22 (br, 8 H),
1.66 (br, 8 H), 1.39 (br, 8 H) 0.95 (br t, 12 H); ESI-MS (negative ion) 592.6246 m/z
(calcd for C12O435Cl970Ge, (Ge(catCl)2Cl-) m/z 592.6236).
[NBu4][Ge(catBr)2Cl]: Yield = 73%1; 1H NMR (CDCl3, 400 MHz):  3.26 (br, 8 H),
1.66 (br, 8 H), 1.34 (br, 8 H) 0.92 (t, 12 H); ESI-MS (negative ion) 954.2129 m/z (calcd
for C12O4Br835Cl70Ge, (Ge(catBr)2Cl-) m/z 954.2089).

2.4.4 Reaction of Ge(dtbc)2(THF)2 with Pyridine
Pyridine (2 eq.) was added to a solution of Ge(dtbc)2(THF)2 dissolved in DCM.
The reaction was allowed to stir overnight before the solution was dried in vacuo. The
resulting solid was re-dissolved in CDCl3 to record the 1H NMR spectrum. The chemical
shifts observed match those of the reported Ge(dtbc)2(py)2.7

2.4.5 Gutmann-Beckett Assessment of Lewis Acidity
To a suspension of bis(catecholato)germane in DCM (1 mg/mL) was added 1/3
equivalent of triethylphosphine oxide and the mixture was left to stir overnight. An
aliquot of the reaction mixture was taken and a 31P{1H} NMR spectrum was recorded
One equivalent of bis(catecholato)germane•2(THF) (20 mg/mL) and 0.5, 1, 2, and
3 eq. of triethylphosphine oxide were placed in CD2Cl2 (0.5 mL) in an NMR tube. A
31

P{1H} NMR spectrum of the mixture was immediately recorded. Signals assigned to

the

two

equivalents

of

free

THF,

which

originated

from

the

starting

bis(catecholato)germane, are omitted from the NMR assignments. Free triethylphosphine
oxide was also observed upon addition of 2 or 3 equivalents (51 ppm).
Ge(3,5-dtbc)2(OPEt3): 31P{1H} NMR (CH2Cl2, 162 MHz):  82.4; 1H NMR (CDCl3,
400 MHz):  6.88 (d, J = 2.3 Hz, 2 H), 6.70 (d, J = 2.3 Hz, 2 H) 1.93 (dq, J = 12.1 Hz,
7.7 Hz, 6 H), 1.43 (s, 18 H), 1.28 (s, 18 H), 1.04 (dt, J = 17.9 Hz, 7.7 Hz, 9 H); 13C

1

THF is still evident (0.5 – 1 eq.) in the 1H NMR spectra even after drying in vacuo: [NBu4][Ge(catCl)2Cl]:
0.6 eq of THF still remain; [NBu4][Ge(catBr)2Cl]: 0.5 eq of THF still remain;
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NMR (CDCl3, 100.61 MHz)2:  147.7, 143.4, 141.2, 133.4, 113.0, 107.9, 35.1, 34.9,
32.1, 30.0, 18.2, 17.5, 5.4, 5.3; ESI-MS m/z 648.3 (calcd for C34H5570GeO5P: 648.2999).
Ge(3,5-dtbc)2(OPEt3)2: 31P{1H} NMR (CH2Cl2, 162 MHz):  66.6 (-80 °C) ; 1H NMR
(CDCl3, 400 MHz):  6.84 (d, J = 2.3 Hz, 2 H), 6.66 (d, J = 2.3 Hz, 2 H), 1.75 (dq, J =
12.2 Hz, 7.7 Hz, 12 H), 1.43 (s, 18 H), 1.28 (s, 18 H), 0.99 (dt, J = 17.5 Hz, 7.7 Hz, 18
H); 13C NMR (CDCl3, 100.61 MHz)2:  148.1, 144.0, 140.5, 133.0, 112.5, 107.9, 35.1,
34.9, 32.1, 30.1, 19.0, 18.4, 5.7, 5.6; ESI-MS m/z 781.4 (calcd for C40H7070GeO6P2
782.3859).
P{1H} NMR (CH2Cl2, 162 MHz):  70.5; 1H NMR (CDCl3,

trans-Ge(catCl)2(OPEt3)2:
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400 MHz):  1.65 (dq, J = 11.7 Hz, 7.7 Hz, 12 H), 0.87 (dt, J = 17.8 Hz, 7.7 Hz, 18 H).
cis-Ge(catCl)2(OPEt3)2:

P{1H} NMR (CH2Cl2, 162 MHz):  75.0; 1H NMR (CDCl3,
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400 MHz):  1.96-2.10 and 2.10-2.24 (each m, 12 H total), 1.13 (dt, J = 16.3 Hz, 7.7
Hz, 18 H).
trans-Ge(catBr)2(OPEt3)2:

P{1H} NMR (CH2Cl2, 162 MHz):  75.1; 1H NMR (CDCl3,
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400 MHz):  1.65 (dq, J = 11.7 Hz, 7.8 Hz, 12 H), 0.87 (dt, J = 17.9 Hz, 7.7 Hz, 18 H).
cis-Ge(catBr)2(OPEt3)2: 31P{1H} NMR (CH2Cl2, 162 MHz):  75.8; 1H NMR (CDCl3,
400 MHz):  1.98-2.12 and 2.12-2.26 (each m, 12 H total), 1.11 (dt, J = 15.7 Hz, 7.7
Hz, 18 H).

2.4.6 Computational Details for FIA and GEI Calculations
All calculations (except G3/G4) have been performed with ORCA 4.1.2 and
ORCA 4.2. Geometry optimizations were performed with PBEh-3c/def2-mSVP as
implemented in ORCA, using grid5 settings. All calculated geometries have been
confirmed as energetic minima on the potential energy surface by analytical calculation
of harmonic frequencies at the PBEh-3c level. In case of negative frequencies >10 cm-1,
the geometries were reoptimized with grid6, TightOPT and VeryTightSCF settings. For

2

Signals for the quaternary carbons were not observed
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the fluoride ion affinities, the optimized geometries were than used to calculate the single
point energies at B3LYP D3(BJ)/def2-TZVPP level of theory using the RIJCOSX
approximation and def2/J as the auxiliary basis set. For the reaction coordinate
calculations, the optimized geometries were used to calculate the thermodynamic values
at BP86 D3(BJ)/def2-SVP level of theory using the RIJCOSX approximation and def2/J
as the auxiliary basis set.

2.4.7 X-Ray Crystallography Details
The samples were mounted on a Mitegen polyimide micromount with a small
amount of Paratone N oil. All X-ray measurements were made on a Bruker Kappa Axis
Apex2 diffractometer at a temperature of 110 K. The unit cell dimensions were
determined from a symmetry-constrained fit of 9916 reflections with 5.46° < 2θ < 63.72°.
The data collection strategy was a number of ω and φ scans which collected data up to
67.682° (2θ). The frame integration was performed using SAINT. 29 The resulting raw
data were scaled and absorption corrected using a multi-scan averaging of symmetry
equivalent data using SADABS.30
The structures were solved by using a dual space methodology using the SHELXT
program.31 All non-hydrogen atoms were obtained from the initial solution.

The

hydrogen atoms were introduced at idealized positions and were allowed to ride on the
parent atom. The structural models were fit to the data using full matrix least-squares
based on F2. The calculated structure factors included corrections for anomalous
dispersion from the usual tabulation. The structures were refined using the SHELXL
program from the SHELX suite of crystallographic software.32 Graphic plots were
produced using the Mercury program suite.33
Late in the refinement of the Ge(dtbc)2(THF)2 crystal, there was a large peak (2.68 e-/
Å3) approximately 1.54 Å from C6. It was possible to refine this peak as a partially
occupied (20%) carbon. However, it is not clear that this is truly peak of chemical
significance. The difference maps did not show additional peaks corresponding to a tbutyl group, and the NMR and MS data indicate that the structure of this compound is
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consistent with our proposed structure. In addition, the NMR data does not show
evidence for the presence of a second compound.
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Chapter 3
3

The Lewis Acid Catalytic Applications of
Bis(catecholato)germanes

3.1 Introduction
3.1.1 Lewis Acid Catalysis of Addition Reactions
The reliance of industrial processes on catalysis presents an ever-growing need
for efficient, cheap catalysts, as alternatives to second and third row transition metalbased catalysts, which are ubiquitous in state-of-the-art catalysis. As such, catalysts based
on cheap and, often, non-toxic main group elements show much promise as alternatives
to transition metal catalysts. Main group complexes often exhibit Lewis acidic behaviour,
the ability to accept electron density from substrates, making them excellent candidates to
act as Lewis acid catalysts. Addition reactions across molecules containing units of
unsaturation, such as carbonyl, alkenyl, and alkynyl moieties and the oligomerization of
alkenes are reactions which are typically catalyzed by Brønsted or Lewis acid catalysts
(Scheme 3.1). The reactivity of bis(catecholato)germane complexes as Lewis acid
catalysts in the hydrosilylation, hydroboration, hydroamination, and Friedel-Crafts
alkylation of alkenes, and the oligomerization of alkenes will be explored in this chapter.

Scheme 3.1: Generalized addition reactions to a representative alkene.
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3.1.1.1 Hydrosilylation
Hydrosilylation, the addition of a Si-H bond across a unit of unsaturation, is a
well-known methodology for the formation of organosilicon compounds. The
polysiloxane industry relies heavily on the hydrosilylation reaction. Polysiloxanes are
important polymers as they are relatively inert and have favourable electrical and thermal
properties attributed to the high Si-O bond strength and the flexibility of the O-Si-O
linkage. A method to increase the rigidity of polysiloxanes, that is to convert
polysiloxane oils into rubber, is to crosslink the polysiloxane chains, typically, by the
reaction of a polysiloxane which features Si-H bonds with another polysiloxane which
features a pendant alkene unit (Scheme 3.2). The hydrosilylation is catalyzed by a
platinum-based catalyst, typically Speier’s (H2PtCl6) or Karstedt’s (Pt2(HC=CHSiMe2-OSiMe2CH=CH2)3) catalysts.1

Scheme 3.2: An example of polysiloxane crosslinking
Hydrosilylation reactions can also be catalyzed by simple Lewis acids such as
AlCl3. A variety of tetrasubstituted olefins were reacted with dialkylchlorosilanes under
mild conditions (Scheme 3.3).2 The resulting products were isolated by distillation in
moderate yields (50-93%). The mechanism is proposed to involve the coordination of the
alkene π-bond to the Lewis acid catalyst. Halogenated arylboranes, for example,
B(C6F5)3, have also been shown to be effective Lewis acid catalysts for the
hydrosilylation of alkenes. B(C6F5)3 catalyzes the hydrosilylation of various alkenes at 5
mol% catalyst loading under ambient conditions in 10-12 hours resulting in high
conversions for most substrates (>90%) (Scheme 3.4).3 While traditional Lewis acid
catalysts typically proceed through an alkene activation mechanism, the fluorinated
arylborane activates the H-Si bond. As such, the bulky triisopropylsilane was not
tolerated using the borane catalyst. An example of a Group 14 catalyst that catalyzes the
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hydrosilylation reaction is illustrated with the silicon(II) cation 3.1.4 The silyliumylidene
cation 3.1 catalyzes the hydrosilylation of α-methylstyrene using pentamethyldisiloxane
quantitatively under mild conditions with only a 0.012 mol% catalyst loading (Scheme
3.5). Catalyst loadings of this magnitude are rare for main group catalysts and are
comparable to the high performance of state-of-the-art transition metal-based catalysts.
The silyliumylidene cation 3.1 catalyzes the reaction of a wide scope of silanes and
siloxanes. The proposed mechanism features Si-H bond activation, similar to the
mechanism of activation of B(C6F5)3. These main group catalysts, however, are not
without their disadvantages. AlCl3, while a commonly used Lewis acid catalyst, is
reactive and hydrolyzes easily. B(C6F5)3 is a sterically bulky Lewis acid that does not
efficiently catalyze reactions involving bulky substrates. 3.1 is a highly efficient catalyst
in hydrosilylation but requires a multi-step synthesis and is air- and moisture-sensitive.

Scheme 3.3: Hydrosilylation of a tetrasubstituted alkene using AlCl3 as a Lewis acid
catalyst.

Scheme 3.4: Hydrosilylation of alkenes using B(C6F5)3 as the catalyst.

Scheme 3.5: Silicon cation 3.1 facilitates the hydrosilylation of alkenes at low catalyst
loadings.
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3.1.1.2 Hydroamination
The functionalization of amines is critical for the pharmaceutical and agricultural
industries. In fact, three of the top ten pharmaceuticals that generate the highest revenue
in the pharmaceutical industry contain functionalized amines.5 Hydroamination reactions
are typically catalyzed by transition metals, as well as the alkali and alkali earth metals.
In the search for alternative catalysts, main group catalysts as Lewis bases, Brønsted
acids, and radicals have been explored extensively.6 However, the use of main group
Lewis acid catalysts for hydroamination are less explored.
Many of the initial reports of Lewis acid catalyzed hydroaminations utilized
simple Lewis acids. For example, AlCl3 and BiCl3 catalyze the hydroamination of
norbornene using electron-deficient anilines (Scheme 3.6).7 Notably, BiCl3 had higher
yields in comparison to AlCl3, and selectivity for the hydroamination product, over the
Friedel-Crafts alkylated products, was high for both catalysts. An amine activation
mechanism was proposed, in which the Lewis acid coordinates to the amine enhancing
the acidity of the amine proton to facilitate protonation of norbornene. The resulting
carbocation of norbornene then reacts with another equivalent of amine to yield the
desired product.

Scheme 3.6: Hydroamination of norbornene with an electron-deficient aniline catalyzed
by main group halides.
Gallium and indium halides have also been explored as Lewis acid catalysts in
hydroamination reactions.8 GaCl3 and InBr3 were applied as catalysts for the
hydroamination of alkynes (Scheme 3.7). Using an electron-deficient aniline and
phenylacetylene, the corresponding amine was obtained after reduction of the initially
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formed imine using LiAlH4. Notably, amines with strongly electron-withdrawing groups
or-electron donating groups have the highest conversions. Interestingly, the same reaction
was not catalyzed by BiCl3 or AlCl3 that were efficient catalysts in the hydroamination of
alkenes. DFT calculations supported the experimental observations and are consistent
with an alkyne activation mechanism, where the Lewis acid coordinates to the alkyne
allowing for nucleophilic attack of the amine. The electron-withdrawing groups on the
anilines hamper the ability of the amine to coordinate to the Lewis acid preferentially
over the alkyne.

Scheme 3.7: Hydroamination of phenylacetylene with an electron-deficient aniline
performed using main group halide Lewis acids.
Outside the use of halide substituents on the main group Lewis acid, only a few
studies using more elaborate ligand frameworks have been reported. The aluminumbased Lewis acid 3.2 (Scheme 3.8), was shown to catalyze intramolecular
hydroaminations; however, the substrate scope was limited, catalyst loadings were high
and the synthesis of the catalyst was elaborate.9
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Scheme 3.8: Intramolecular hydroamination using catalyst 3.2
The fluorinated arylborane, B(C6F5)3, which is an effective catalyst for
hydrosilylation, has also been investigated as a hydroamination catalyst (Scheme 3.9).10
Unlike the simple halide-substituted Lewis acids, which react well with primary amines,
B(C6F5)3 requires a bulky secondary amine for significant conversion. The authors
propose that the added bulk of the secondary amine prevents amine coordination to the
boron centre disfavouring Lewis acid-base adduct formation. The borane coordinates the
alkyne which prompts the addition of the Lewis basic amine forming zwitterion 3.3. The
acidic ammonium proton then migrates to the carbon adjacent to the boron and then
release of the Lewis acid catalyst occurs.

Scheme 3.9: Hydroamination of alkynes using bulky amines catalyzed by B(C6F5)3.

63

3.1.1.3 Hydroboration
Hydroboration, the addition of H-B bond across a unit of unsaturation, is often
compared to hydrosilylation due to both being hydrofunctionalization reactions.
However, whereas hydrosilylation can afford the desired commercial product directly or
to prepare synthetic intermediates, hydroboration is typically only done to prepare
synthetic intermediates. The organoborane intermediates are often converted directly to a
variety of fine chemicals such as perfumes and pharmaceuticals without isolation.
The use of catalysts in hydroboration is only required for the less reactive
boranes. Borane reagents, such as BH3 and 9-borabicyclo[3.3.1]nonane (9-BBN) do not
require a catalyst and undergo hydroboration reactions exothermically. However, both the
borane reagents and the resulting organoboranes are air-sensitive, and, in the case of BH3,
can undergo hydroboration reaction with the remaining B-H bonds. Dialkoxy- and
diaryloxyboranes, such as pinacolborane (HBpin) and catecholborane (HBcat), and the
resulting hydroboration adducts derived from them have improved stability even allowing
purification and separation by chromatography (Chart 3.1). However, the hydroboration
reactions using these boranes are either very slow, even at high temperatures, or do not
proceed at all unless a catalyst is used.

Chart 3.1: Pinacolborane (HBpin) and catecholborane (HBcat).
B(C6F5)3 can be used to catalyze the hydroboration of alkynes using
pinacolborane as the hydroboration substrate.11 For example, the hydroboration of paratolylacetylene proceeds quantitatively using 5 mol% of B(C6F5)3 in dichloromethane
(DCM) under ambient conditions in 15 hours (Scheme 3.10a). B(C6F5)3 acts as a
precatalyst, forming HB(C6F5)2 in solution. When HB(C6F5)2 was used as the catalyst, the
same reaction proceeds in only 2 hours. It is proposed that the B-H bond of HB(C6F5)2
adds across the alkyne bond of one equivalent of alkyne, generating 3.4, the active
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catalytic species (Scheme 3.10b), which then coordinates a second equivalent of alkyne
which undergoes hydroboration and product release.

Scheme 3.10: a) Hydroboration of an alkyne using fluorinated aryl borane catalysts. b)
The equilibrium between the catalysts and the active catalytic species.
Another fluorinated borane, tris[3,5-bis(trifluoromethyl)phenyl]borane, 3.5, can
also be used to catalyze the hydroboration of alkenes using pinacolborane.12 For example
3.5 can catalyze the hydroboration of 1-octene using pinacolborane in an 80% yield
(Scheme 3.11). Notably, substantial regioselectivity for the anti-Markovnikov product
was observed. Numerous aryl- and alkyl-substituted alkenes were tolerated by 3.5.

Scheme 3.11: Hydroboration of alkenes achieved using 3.5 as a Lewis acid catalyst.
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3.1.1.4 Friedel-Crafts Alkylation using Alkenes
Since the 1800’s, Friedel-Crafts alkylations are a key method for the alkylation of
arenes. Typically, the reaction is performed using an aromatic compound and an alkyl
halide in the presence of a Lewis acid. While Friedel-Crafts alkylations can be achieved
using simple Lewis acid halides, such as AlCl3, BF3•OEt2, or SnCl4, the Lewis acid is
typically used in stoichiometric amounts and results the formation of an equivalent of a
salt. Another, more environmentally-friendly, approach is to utilize an alkene instead of a
toxic alkyl halide. The reaction effectively adds an aryl C-H bond across a carbon-carbon
double bond atom and eliminates the formation of side products. The Friedel-Crafts
alkylation of alkenes typically utilizes a Brønsted acid catalyst.
While main group Lewis acids have been utilized in Friedel-Crafts alkylations for
decades, the use of main group Lewis acids in conjunction with alkenes was not observed
until 2006 when Bi(OTf)3 was shown to catalyze the hydroarylation of anisole using
styrene in high yields (Scheme 3.12).13 While the reaction requires high temperatures, the
catalyst loading was only 0.5 mol%. A variety of different arenes and alkenes were
tested, and the reaction favours the formation of the para-substituted product; however,
minor amounts of the ortho-substituted product and, when styrene is utilized as the
alkene, dimers of styrene were observed.

Scheme 3.12: Friedel-Crafts alkylation using Bi(OTf)3 as a Lewis acid catalyst.
The hydroarylation of alkynes can also be achieved using AlCl3 as the Lewis acid
catalyst

(Scheme

3.13).14

The

intramolecular

hydroarylation

of

2-[(4-

methoxyphenyl)ethynyl]-1,1’-biphenyl was achieved under ambient conditions in only 3
hours using 5 mol% of AlCl3. These conditions are substantially milder than those used
with Bi(OTf)3 as the catalyst. While the substrate scope included various derivatives of 2-
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[(4-phenyl)ethynyl]-1,1’-biphenyl

compounds,

no

example

of

intermolecular

hydroarylation, as was achieved using Bi(OTf)3 as a catalyst, was reported in this work.

Scheme 3.13: Intramolecular Friedel-Crafts reaction using AlCl3 as the catalyst.

3.1.2 Oligomerization of Alkenes
Plastics, synthesized by the polymerization of alkenes, have unique mechanical,
chemical and electronic properties depending on the monomer used and the method by
which it was formed. Several different compounds can be used to initiate polymerization
including radical, cationic, and anionic initiators. Lewis acids can also be used to initiate
cationic polymerization reactions. Sometimes, a Lewis base, such as water, is used as a
co-initiator to stabilize the cationic species formed during the reaction.
While main group Lewis acids are used as co-catalysts with transition metal
Lewis acids, for example in Ziegler-Natta catalysis, the use of main group Lewis acids as
catalysts to polymerize alkenes is less studied. However, their use in oligomerization
reactions is known. For example, InBr3 catalyzes the dimerization of α-methylstyrene
derivatives to three different dimers 3.6, 3.7, and 3.8 (Scheme 3.14).15 By altering the
reaction time, dimers 3.6 or 3.8 can be isolated in high yields after column
chromatography. For example, after 2h, 3.6 is isolated in 90% yield, whereas after 4h, 3.8
is isolated in yield of 88%. The dimerization of substituted styrenes can also be achieved
using 5 mol% of BiCl3.16 For example, the dimerization of α-methylstyrene was achieved
at elevated temperatures yielding the cyclic dimer 3.8 selectively in 73% yield.
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Scheme 3.14: Dimerization of α-methylstyrene achieved using InBr3.

3.1.3 Group 14 Bis(catecholato)- Catalysts
Group 14 bis(catecholato)silanes and -germanes exhibit high Lewis acidity which
makes them prime candidates as catalysts. Tilley and coworkers reported the
hydrosilylation of benzaldehyde derivatives using Si(catF)2 as the catalyst (Scheme
3.15).17 Using triethylsilane, Si(catF)2 quantitatively catalyzes the hydrosilylation
benzaldehydes with para-substituted electron-withdrawing substituents under mild
conditions in an hour. Examination of the scope of benzaldehydes showed that electronwithdrawing substituents are required to achieve conversion values of greater than 70%.
The silane substrate scope illustrated that sterically bulky silanes are tolerated, a feat not
possible using B(C6F5)3 as a catalyst. No evidence for complexation between
stoichiometric amounts of triethylsilane and Si(catF)2 was observed by 1H NMR
spectroscopy which, in combination with reliance on the use of electron deficientaldehydes, was consistent with the hydrosilylation occurring via aldehyde coordination
and not a Si-H bond activation mechanism.

Scheme 3.15: Hydrosilylation of benzaldehyde derivatives using Si(catF)2 as the catalyst.
Greb and coworkers have synthesized and assessed the Lewis acidities of a
variety of bis(catecholato)silanes and –germanes. The high fluoride ion affinity of
Si(catCl)2(ACN)2

inspired

Greb

and

coworkers

to

explore

the

catalytic

hydrodefluorination of 1-adamantyl fluoride with polymethylhydrodisiloxane (PMHS)
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which proceeded cleanly and quantitatively with 10 mol% of Si(catCl)2(ACN)2 (Scheme
3.16). Si(catBr)2(ACN)2, with a Lewis acidity greater than the chloride derivative, was
not tested for catalytic activity.

Scheme 3.16: Hydrodefluorination using Si(catCl)2(ACN)2 as the catalyst yielding
adamantane and polymethylfluorodisiloxane (PMFS)
Si(catCF3)2(sulfolane)2 exhibits higher Lewis acidity than the analogous
perhalogenated derivatives.

Si(catCF3)2(sulfolane)2 showed different catalytic reactivity

than the simple halogenated congeners.18 For example, the hydrosilylation of aldehydes
with triethylsilane catalyzed by Si(catCF3)2(sulfolane)2 did not yield the same product as
the Si(catF)2 catalyst. Rather than silyl ether formation, ether formation was observed
(Scheme 3.17a). Subsequent deoxygenation was performed using phenylsilane. Catalytic
deoxygenation of ketones and phosphine oxides was also carried out using
Si(catCF3)2(sulfolane)2 as a catalyst (Scheme 3.17b). The final reaction probed was a
catalytic intramolecular carbonyl-olefin metathesis (Scheme 3.17c).
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Scheme 3.17: Examples of the reactions catalyzed by Si(catCF3)2(sulfolane)2
The catalytic activity of the bis(catecholato)germanes, Ge(catCl)2(ACN)2 and
Ge(catCl)2(H2O)n (where n = 4 or 6), was also briefly explored.19 The hydrosilylation of
aldehydes was achieved using Ge(catCl)2(ACN)2 although the time required was
significantly longer than that required when using Si(catF)2 as the catalyst (Scheme
3.18a). Ge(catCl)2(ACN)2 also catalyzed the hydrodefluorination of 1-adamantyl fluoride
similar to its silicon counterpart. The Friedel-Crafts alkylation of diphenylethylene was
also accomplished using Ge(catCl)2(ACN)2 as a catalyst (Scheme 3.18b). Using a
hydrogen surrogate, such as 1,4-cyclohexadiene, the transfer hydrogenation of
diphenylethylene can also be achieved. Intramolecular carbonyl-olefin metathesis can
also be achieved with Ge(catCl)2(ACN)2 (Scheme 3.18c).
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Scheme 3.18: Examples of the reactions using Ge(catCl)2(ACN)2 as the catalyst.

3.1.4 Project Goal
While the bis(catecholato)silanes and germanes have been shown to catalyze a
variety of different reactions, studies into the mechanism of how the bis(catecholato)species operate still remains to be explored. The study of the catalytic activity of Si(cat F)2
was only preliminary as a moderate substrate scope of benzaldehydes and silanes for
hydrosilylation was examined, and only a few experiments aimed at elucidating which
species is activated along the reaction pathway were performed. The reports on the
catalytic activity of Si(catCl)2(ACN)2, Si(catCF3)2(sulfolane)2, and Ge(catCl)2(ACN)2 were
limited to small substrate scopes and little insight into the mechanism of catalysis was
provided. As such, the goal of this project is to explore the use of bis(catecholato)
germanes as catalysts in depth, utilizing a series of bis(catecholato)germane derivatives
as catalysts for hydrosilylation, hydroboration, hydroamination, Friedel-Crafts alkylation,
and alkene oligomerization reactions. Reaction optimization and substrate scope will be
explored in this chapter and mechanistic studies are presented in Chapter 4.
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3.2 Results and Discussion
3.2.1 Hydrosilylation of Aldehydes/Ketones
With the successful hydrosilylation of benzaldehyde derivatives by Si(cat F)2, this
reaction was chosen to be explored first in the use of bis(catecholato)germanes as Lewis
acid catalysts. Starting with the conditions utilized by Tilley et al. for Si(catF)2 to allow
for a direct comparison of performance, a test of the different bis(catecholato)germanes
were performed to determine the most effective catalyst under these reaction conditions
(Table 3.1).
Table 3.1: Catalyst scope of various bis(catecholato)germane catalysts.

Entry

Catalyst

Conversion (%)a

1

Ge(catBr)2(THF)2

62

2

Ge(catBr)2(ACN)2

26

3

Ge(catCl)2(THF)2

70

4

Ge(catCl)2(ACN)2

84

5

Ge(dtbc)2(THF)2

<5

6

Ge(dtbc)2(ACN)2

<5

a) Conversion values were determined by the difference in 1H NMR integration value of the aldehydic
hydrogen relative to mesitylene, 1/9 eq., as an internal standard. Conversion values were the average of two
runs. 0.01 mmol of catalyst used in 0.5 mL of solvent.

In the case of the halogenated derivatives (Table 3.1, Entries 1-4), moderate
conversions were observed for all except Ge(catBr)2(ACN)2 (Table 3.1, Entry 2).
Interestingly, this catalyst has the highest Lewis acidity as determined by FIA values of
the bis(catecholato)germanes. The increased Lewis acidity of Ge(catBr)2(ACN)2 may
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hamper catalytic activity by making release of the product from the catalyst more
difficult. Of the other catalysts, Ge(catCl)2(ACN)2 performed the best achieving 84%
conversion after 24 hours (Table 3.1, Entry 4). The less Lewis acidic and more sterically
bulky 3,5-di-tert-butylcatecholato derivatives resulted in little to no catalysis (Table 3.1,
Entries 5,6).
To explore the conditions necessary for catalysis the hydrosilylation of paratolualdehyde, which features two cleanly separated aromatic signals and a diagnostic
methyl signal in the 1H NMR spectrum, was selected as the test substrate. The silane
agent selected was triethylsilane as it is the most utilized silane in hydrosilylation
literature (Table 3.2). The conditions used in Table 3.2, Entry 1 are similar to those
employed by Tilley and coworkers in the hydrosilylation of para-nitrobenzaldehyde with
Si(catF)2. Increasing the catalyst loading to 10 mol% (Table 3.2, Entry 2) resulted in a
slight decrease in conversion, while lowering the catalyst loading to 1 mol% (Table 3.2,
Entry 3) resulted in a more significant decrease in conversion. The insolubility of the
catalyst lead to some solid catalyst remaining undissolved in the reaction vessel, even at 1
mol%. As such, it is unsurprising that the increase from 5 to 10 mol% in catalyst loading
doesn’t lead to a significant increase in conversion. When the solvent was altered (Table
3.2, Entries 4-7), it was observed that non-polar solvents (toluene-d8, CDCl3, and C6D6)
as well as donor solvents (ACN-d3) halt any catalytic activity, even at elevated
temperatures (Table 3.2, Entry 10). Decreasing the concentration of the reagents (Table
3.2, Entry 8) by doubling the amount of solvent resulted in a slight decrease in
conversion. After 8 hours (Table 3.2, Entry 9), 66% conversion was observed suggesting
most of the reaction is completed in the first 8 hours. After examination of a variety of
reaction conditions, those listed in Table 3.2, Entry 1 were the most optimal and were
used in further reactions.
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Table 3.2: Optimization of the hydrosilylation of para-tolualdehyde with triethylsilane

Entry

Catalyst
Loading
(mol%)

Solvent

Substrate
Concentration

Time
(h)

Temperature
(°C)

Conversion
(%)a

1

5

CD2Cl2

0.4 M

24

rt

84

2

10

CD2Cl2

0.4 M

24

rt

76

3

1

CD2Cl2

0.4 M

24

rt

62

4

5

Toluened8

0.4 M

24

rt

<5

5

5

ACN-d3

0.4 M

24

rt

<5

6

5

CDCl3

0.4 M

24

rt

40

7

5

C6D6

0.4 M

24

rt

<5

8

5

CD2Cl2

0.2 M

24

rt

72

9

5

CD2Cl2

0.4 M

8

rt

66

10

5

Toluened8

0.4 M

24

100

<5

a) Conversion values were determined by the difference in 1H NMR integration of the aldehyde proton
relative to mesitylene, 1/9 eq., as an internal standard. Conversion values were the average of two runs.
Entry 1 is similar conditions to that studied by Tilley with Si(cat F)2. Further shading in the table shows
deviations in conditions from the conditions in Entry 1.

The hydrosilylation of a variety of carbonyl compounds with triethylsilane was
examined (Table 3.3). Ge(catCl)2(ACN)2 was chosen as the catalyst since it exhibited the
best catalytic performance with para-tolualdehyde. Para-substituted benzaldehydes with
electron-withdrawing substituents were converted quantitatively (Table 3.3, Entries 1-3).
When substituted with the electron-donating methoxy group, conversion was minimal
(Table 3.3, Entries 4-5). This observation, that electron-withdrawing substituents on
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benzaldehydes yield greater conversions, is similar to that reported by Tilley for the
Si(catF)2 catalyst.17 The alkyl-substituted aldehyde was hydrosilylated quantitatively
(Table 3.3, Entry 6); however, attempts to hydrosilylate aromatic ketones were
unsuccessful (Table 3.3, Entries 7-9).
Table

3.3:

Aldehyde/Ketone

Substrate

Scope

for

Hydrosilylation

using

bis(catecholato)germane catalyst

Entry Substrate

Conversion
(%)a

Entry Substrate

Conversion
(%)a

1

>95

6

>95

2

>95

7

<5

3

>95

8

<5

4

84

9

<5%

5

8

a) Conversion values were determined by the difference in 1H NMR integration of the aldehydic proton or
methyl ketone proton relative to mesitylene, 1/9 eq., as an internal standard. Conversion values were the
average of two runs. 0.01 mmol of catalyst used in 0.5 mL.

A variety of different silanes were examined in the reaction of para-tolualdehyde
using Ge(catCl)2(ACN)2 as a catalyst. The conversion achieved using triethylsilane
compared to triisopropylsilane, (Table 3.4, Entries 1-2) lead to a noticeable decrease and
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is attributed to the increase in steric bulk of the substituents. Utilizing
tris(trimethylsilyl)silane (Table 3.4, Entry 3), the conversion to the silyl ether dropped
further to 20%. Other silanes (Table 3.4, Entries 4-5) without bulky substituents resulted
in moderate conversions of 79% and 60%. Based on these experiments, triethylsilane was
found to be the most efficient silane.
Table 3.4 Silane substrate scope for the hydrosilylation of para-tolualdehyde with
Ge(catCl)2(ACN)2 as a catalyst.

Entry Substrate

Conversion (%)a Entry Substrate

Conversion (%)a

1

84

4

79

2

42

5

60

3

<5

a) Conversion values were determined by the difference in 1H NMR integration of the aldehyde proton
relative to mesitylene, 1/9 eq., as an internal standard. Conversion values were the average of two runs.
0.01 mmol of catalyst used in 0.5 mL.

While the trends in reactivity were similar between the bis(catecholato)germanes
and Si(catF)2 as catalysts, the overall catalytic efficiency of Si(catF)2 was much better.17
Si(catF)2 facilitates the hydrosilylation of a variety of electron-deficient benzaldehyde
derivatives, including the para-NO2, -CN, and -Cl substituted benzaldehydes tested with
Ge(catCl)2(ACN)2 (Table 3.3, Entries 1-3). While both Si(catF)2 and Ge(catCl)2(ACN)2
achieve >90% conversions with these substrates, Si(catF)2 requires only 30-60 minutes.
To compare catalyst efficiency with other main group catalysts, para-tolualdehyde was
chosen as the substrate (Table 3.5). Using Ge(catCl)2(ACN)2 as a catalyst requires
multiple hours to reach a conversion of 84% with para-tolualdehyde (Table 3.5, Entry 1).
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The highly Lewis acidic Si(catCF3)2(sulfolane)2, when used as a catalyst with paratolualdehyde and triethylsilane, did not afford the silyl ether as the product.18 Instead,
after 24 hours at room temperature, the symmetric di-(4-methylbenzyl)ether was formed
with a conversion of 97% (Table 3.5, Entry 2). Comparing to other main group Lewis
acids, using B(C6F5)3 as a catalyst, the hydrosilylation of para-tolualdehyde was achieved
with 87% conversion (Table 3.5, Entry 3).20 Using group 13 triflates as Lewis acid
catalysts, the hydrosilylation of para-tolualdehyde proceeds to the symmetric di-(4methylbenzyl)ether

in

varying

conversions

(Table

3.5,

Entries

4-6).

The

bis(catecholato)germanes give similar results in comparison to B(C6F5)3 and, unlike
Si(catCF)2(sulfolane)2 and the group 13 triflates, selectively form the silyl ether over the
dibenzyl ether.
Table 3.5: The hydrosilylation of para-tolualdehyde with triethylsilane catalyzed by
various main group Lewis acids

Entry

1
2

Catalyst

Ge(catCl)2
(ACN)2
Si(catCF3)2
(sulfolane)2

Catalyst
Loading
(mol%)

Solvent

Time (h)

Product

Conversion
(%)

5

CD2Cl2

24

A

84%

1

CD2Cl2

24

B

97%

3

B(C6F5)3

2

Toluened8

“Overnight”

A

87%

4

Bi(OTf)3

4

neat

“Overnight”

B

53%

5

Al(OTf)3

4

neat

“Overnight”

B

100%

6

Ga(OTf)3

4

neat

“Overnight”

B

88%
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3.2.2 Hydroboration of Terminal Alkynes
While attempts to hydroborate α-methylstyrene resulted in oligomerization, the
reaction of phenylacetylene and 1.2 eq. pinacolborane with 10 mol% of Ge(catCl)2(ACN)2
in toluene-d8 at 100 °C for 24 hours yielded the anti-Markovnikov E-borylalkene 3.9
selectively (Table 3.6). This was evident by the disappearance of the 1H NMR signal at
2.70 ppm attributed to the terminal alkynyl hydrogen of phenylacetylene and the
appearance of 1H NMR signals at 7.60 and 6.32 ppm, attributed to the vinylic hydrogens
of 3.9. The 11B NMR spectral data were also consistent with this interpretation with the
disappearance of the signal attributed to pinacolborane at 28.44 ppm and the appearance
of the signal attributed to the borylalkene at 30.79 ppm.
Using 1.2 equivalents of pinacolborane with 10 mol% of Ge(catCl)2(ACN)2
resulted in a yield of 40% of 3.9 after 24 hours (Table 3.6, Entry 1). If the reaction was
allowed to proceed for 48 hours or 72 hours, the conversion increased slightly to 47% and
54%, respectively. Changing the catalyst loading from 10 mol% to 5 mol% showed a
minimal difference in the extent of conversion; however, dropping the catalyst loading to
2 mol% resulted in the conversion at 24 hours to be halved (Table 3.6, Entries 1-3).
Notably, if the reaction was performed in the absence of catalyst, a conversion of 6% was
observed after 24 hours showing that, while this reaction does not need a catalyst to
proceed, but a catalyst substantially increases the efficiency of the reaction (Table 3.6,
Entry 4). Increasing the number of equivalents of pinacolborane to 2.0, relative to
phenylacetylene, resulted in substantially greater conversion for hydroboration, both in
the presence and absence of a catalyst (Table 3.6, Entries 5,6). With catecholborane as
the borane, greater conversion to 3.10 was achieved when 10 mol% of catalyst was used,
when both 1.2 and 2.0 equivalents of catecholborane were used (Table 3.6, Entries 7,9) in
comparison to the conversion to 3.9 achieved with pinacolborane. However, the
uncatalyzed reaction outperforms the reaction with the catalyst (Table 3.6, Entries 8,10
compared to Entries 7,9). When the reaction of pinacolborane with phenylacetylene in the
presence of Ge(catCl)2(ACN)2 was monitored by

11

B NMR spectroscopy, (Table 3.6,

Entry 1) the formation of substantial quantities of pinB-O-Bpin and HO-Bpin was
observed as broad singlets at 22.32 ppm and 21.78 ppm, respectively. With the borane
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being converted into both 3.9 and the by-products, pinB-O-Bpin and HO-Bpin, the
borane is consumed at a faster rate than phenylacetylene. This can lead to either minimal
or no borane left in solution to hydroborate phenylacetylene. This observation explains
why an increase in the number of equivalents of pinacolborane increases the conversion
of phenylacetylene to the alkene as more borane is available to react with
phenylacetylene (Table 3.6, Entries 1,5). The hydrolysis of the borane is also observed
with catecholborane. As such, the bis(catecholato)germane catalyst, by hydrolysis,
decreases the concentration of borane for hydroboration in solution, which explains how
the catalyst is inhibiting the hydroboration reaction with catecholborane and
phenylacetylene (Table 3.6, Entries 7-10).
To analyze electronic effects on the reaction, the para-substituent on the phenyl
ring of the phenylacetylene was altered (Table 3.7). Compared to the parent
phenylacetylene (Table 3.7, Entries 1,5), the use of the electron-donating methoxy group
increased conversions while the use of the electron-withdrawing CF3 group decreased
conversions (Table 3.7, Entries 2,6,3,7). Interestingly, the use of a tert-butyl substituent
resulted in a substantial decrease in conversion, 40% to 6% for pinacolborane compared
to the parent phenylacetylene (Table 3.7, Entry 4). While the use of a tert-butyl
substituent with catecholborane had a moderate conversion of 68%, the conversion was
less than the uncatalyzed reaction (93%). The more electron-rich alkynes can better
stabilize

the

postulated

carbocation

formed

upon

coordination

to

the

bis(catecholato)germane making substrate coordination more favourable leading to
higher conversions compared to electron-deficient alkynes.
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Table 3.6: Optimization of the conditions of the hydroboration of phenylacetylene using
Ge(catCl)2(ACN)2 as a catalyst.

Entry Borane Borane Eq.

Catalyst

Conversion (%)a

Loading (mol%) 24 h 48 h 72 h

1

HBpin

1.2

10

40

47

54

2

HBpin

1.2

5

39

48

52

3

HBpin

1.2

2

15

29

38

4

HBpin

1.2

0

6

17

22

5

HBpin

2.0

10

60

74

86

6

HBpin

2.0

0

19

29

45

7

HBcat

1.2

10

46

50

55

8

HBcat

1.2

0

71

89

91

9

HBcat

2.0

10

93

98

100

10

HBcat

2.0

0

100

100

100

a) Conversion values were determined by the difference in 1H NMR integration of the acetylene proton
relative to mesitylene, 1/9 eq., as an internal standard. Conversion values were the average of two runs.
0.01 mmol of catalyst used in 0.5 mL of solvent.
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Table 3.7: Influence on substrate structure on the conversion of phenylacetylene to
borylated alkenes.

HBpin

HBcat

Conversion (%)a Entry

X=

Conversion (%)a

5

H

46

46

6

OMe

93

26

7

CF3

17

6

8

t

68

Entry

X=

1

H

40

2

OMe

3

CF3

4

t

Bu

Bu

a) Conversion values were determined by the difference in 1H NMR integration of the acetylene proton
relative to mesitylene, 1/9 eq., relative to the phenylacetylene derivative, as an internal standard.
Conversion values were the average of two runs. 0.02 mmol of catalyst used in 0.5 mL.

While this report presents the first hydroboration of alkynes achieved with
bis(catecholato)silanes or -germanes, a variety of other main group Lewis acids have
been applied as catalysts for this reaction. B(C6F5)3 has been utilized in the hydroboration
of alkynes.11 Notably, while B(C6F5)3 catalyzes the reaction between phenylacetylene and
pinacolborane, the active catalyst HB(C6F5)2 can be used directly to achieve higher yields
in a fraction of the time (Table 3.8, Entry 2). Similar to the bis(catecholato)germanes,
B(C6F5)3

does

not

catalyze

the

hydroboration

of

alkenes.

Tris(2,4,6-

trifluorophenyl)borane, BArF3, is not only able to catalyze the reaction between
pinacolborane and a variety of different alkenes, but also able to catalyze the reaction
with phenylacetylene with similar conversions as observed using HB(C6F5)2, however, at
a higher temperature (Table 3.8, Entry 3).12 In addition to boranes, a variety of different
aluminum based catalysts, 3.1121, 3.1222, 3.1323, and 3.1424 have been shown to catalyze

81

the hydroboration of phenylacetylene (Chart 3.2 and Table 3.8, Entries 4-7). Notably, the
aluminum catalysts require longer times or harsher conditions compared to the use of
HB(C6F5)2 as a catalyst. Compared to Ge(catCl)2(ACN)2, however, 3.11-3.14 outperform
both in the conversion achieved and the conditions used. Main group triflates have also
been shown to catalyze the hydroboration of alkynes with the use of NaHBEt3 as an
additive. Both Bi(OTf)3 and In(OTf)3 are employed using similar conditions to the
reactions which utilize Ge(catCl)2(ACN)2 as the catalyst; however, lower conversions
were obtained (Table 3.8, Entries 8,9).25 Overall, while Ge(catCl)2(ACN)2 is not as
efficient as a hydroboration catalyst compared to the boranes and alanes, the one-step
synthesis from commercially available materials makes the synthesis of Ge(catCl)2(ACN)2
easier than the more complex ligands in 3.11, 3.13, and 3.14. Ge(catCl)2(ACN)2 is more
efficient as a catalyst for the hydroboration of alkynes compared to the use of both
bismuth and indium triflate.

Chart 3.2: Aluminum Lewis acid catalysts
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Table 3.8: Examples of main group Lewis acid catalysts in the hydroboration of
phenylacetylene with pinacolborane.

Entry

Catalyst

Borane
Eq.

Additivea

Ge(catCl)2
1

(ACN)2

3

4

5

6

7

8

9

HB(C6F5)2
(5 mol%)11
BArF3
(3 mol%)12
3.11
21

(3 mol%)
3.12

(10 mol%)22
3.13
(4 mol%)23
3.14
(0.1 mol%)24
Bi(OTf)3
(5 mol%)25
In(OTf)3
(5 mol%)25

Toluene-

Temp.

Time

Conversion

(°C)

(h)

(%)

100

24

40

1.2

-

1.2

-

CD2Cl2

rt

5

90

1

-

Neat

50

15

85b

1c

-

CDCl3

30

12

73

1.2

-

110

2

73

1

-

80

28

58

1.2

A

80

16

85

1.2

B

100

24

11

1.2

B

100

24

36

(5 mol%)
2

Solvent

d8

Toluened8
C6D6
Toluened8
Toluened8
Toluened8

a) Additives: A = 1 mol% NaOtBu; B = 5 mol% NaBHEt3 b) Deuterated Ph-C≡C-D was used for this
experiment. c) 1.2 equivalents of phenylacetylene were used.
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3.2.3 Hydroamination and Friedel-Crafts Alkylation of Alkenes
The hydroamination of alkenes was also examined as a reaction to test the
effectiveness of bis(catecholato)germanes as catalysts in this reaction. Ge(catCl)2(ACN)2
was selected as the catalyst because of its superior performance in the hydrosilylation of
aldehydes and the oligomerization of alkenes. Electron-deficient anilines, such as 2,4,6trichloroaniline, are typically chosen as amines due to their reduced Lewis basicity.8
Using Ge(catCl)2(ACN)2 as a catalyst, 2,4,6-trichloroaniline was reacted with the reactive
alkenes, norbornene, styrene, and α-methylstyrene. No reaction was observed when
norbornene was used as the alkene. While substantial conversion of styrene and αmethylstyrene was observed, 93% and 76% respectively, no hydroamination products
were isolated. Instead, dimerization of α-methylstyrene to give 3.6 and 3.7, and the
oligomerization of styrene was observed. Furthermore, no reaction took place between
styrene and diethylamine.
Switching the amine from the electron-deficient 2,4,6-trichloroaniline to the bulky
diphenylamine, based on a report on B(C6F5)3-catalyzed hydroaminations,10 the
conversion of styrene to two different products was observed by 1H NMR spectroscopy
(Table 3.9, Entry 2). Separation of the products by preparative thin-layer chromatography
(TLC) revealed that hydroarylation of the ortho and para positions of diphenylamine
occurred, yielding 3.15 and 3.16. 3.15 and 3.16 were identified by comparison of the 1H
chemical shifts to the literature values.26 Similar to styrene, the reaction of αmethylstyrene also yielded the hydroarylation products at the ortho and para positions of
diphenylamine (Table 3.9, Entry 6) yielding 3.17 and 3.18. Allowing the reaction to
proceed for 3 days lead to conversions of 80% and 72% for styrene and α-methylstyrene,
respectively (Table 3.9, Entries 3,7). Reaction times of 6 days lead to a minimal increase
in conversion (Table 3.9, Entries 4,8). Reaction in toluene-d8 at room temperature
resulted in no conversion of styrene, and a 3% conversion of α-methylstyrene to
dimerization products suggesting elevated temperatures are needed for any substantial
reaction to occur (Table 3.9, Entries 1,5). The reaction of α-methylstyrene and HNPh2
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can also be performed in C6D6 at a slightly lower temperature with slightly lower
conversions in comparison to those achieved in toluene-d8 (Table 3.9, Entries 6 and 9).
Table 3.9: Hydroarylation of styrene and α-methylstyrene with diphenylamine

Entry

Alkene

Solvent

Temp (°C) Time (h)

Conversion (%)a
(ortho:para)

1

Styrene

Toluene-d8

rt

24 h

0

2

Styrene

Toluene-d8

100

24 h

45 (56:44)

3

Styrene

Toluene-d8

100

72 h

80 (56:44)

4

Styrene

Toluene-d8

100

144 h

88 (57:43)

5

α-methylstyrene

Toluene-d8

rt

24 h

3a

6

α-methylstyrene

Toluene-d8

100

24 h

31 (18:82)

7

α-methylstyrene

Toluene-d8

100

72 h

72 (42:58)

8

α-methylstyrene

Toluene-d8

100

144 h

79 (43:57)

9

α-methylstyrene

C6D6

80

24 h

27

a) Conversion values were determined by the difference in 1H NMR integration of a vinylic hydrogen
relative to mesitylene, 1/9 eq., as an internal standard. Conversion values were the average of two runs. b)
formation of dimer 3.6 was observed instead of Friedel-Crafts alkylation.
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The performance of different bis(catecholato)germane catalysts was tested using
styrene and diphenylamine (Table 3.10). Comparing the results obtained using the best
catalyst for aldehyde hydrosilylation and alkene oligomerization, Ge(catCl)2(ACN)2
(Table 3.10, Entry 1), with those obtained using the chlorinated derivatives with THF and
Et2O donors (Table 3.10, Entries 2,3), revealed that the derivative with the weaker donor,
ACN, is the better catalyst. While THF is a stronger donor than diethyl ether, the catalyst
with THF donors outperformed the ether derivative. Switching the catechol to the
perbrominated derivative resulted in substantially less conversion for the THF derivative,
and no conversion for the ACN derivative (Table 3.10, Entries 4,5). Surprisingly, when
Ge(dtbc)2(THF)2 was used as a catalyst, 26% conversion was observed (Table 3.10, Entry
6). This less Lewis acidic and sterically bulky Lewis acid may disfavour coordination of
the bulky amine allowing the reaction to proceed whereas the more Lewis acidic
perbrominated derivatives may be poisoned by amine coordination.
To examine substituent effects on the alkene substrate, different para-substituted
styrenes were utilized (Table 3.11). The use of electron-withdrawing substituents (Table
3.11, Entries 1-3) resulted in substantially lower conversions compared to the parent
styrene (Table 3.11, Entry 4), while the use of electron-donating substituents resulted in
near quantitative conversion (Table 3.11, Entries 5-6). Similar to the substrate scope of
alkynes in hydroboration using the germane catalysts, electron-rich styrenes can better
stabilize the postulated carbocationic intermediate which explains the higher conversions.
To provide a comparison to the catalytic performance of other main group Lewis
acids which catalyze the same reaction, anisole was used as a substrate. For
Ge(catCl)2(ACN)2, styrene was reacted with anisole (1:1 ratio) to give quantitative
conversion after only 2 hours at 100 °C (Scheme 3.19). Notably, a selectivity of 84:16
was obtained in favour of the para-isomer. Other main group Lewis acids that catalyze
the same reaction include BiCl3,27 Bi(OTf)3,28 and InCl3.29 Ten mol% of BiCl3
quantitatively converts anisole to an 80:20 ratio of the para- and ortho-substituted
products after 10 hours at 100 °C. However, to obtain substantial conversion, a 10:1
molar ratio of anisole to styrene was needed; dropping the molar ratio of anisole and
styrene to 5:1 resulted in a drop to 59%. Bi(OTf)3 catalyzes the reaction at 55 °C for 1
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hour in DCM to give a 95% yield of products with a ratio of 80:20 of the para- and
ortho-substituted products, respectively. The Bi(OTf)3-catalyzed reactions used a 3:1
ratio of anisole to styrene. Five mol% of InCl3 also catalyzes the reaction, with a molar
ratio of 1.1:1 of anisole to styrene, in 2 hours at 80 °C resulting in a yield of 81% and a
ratio of 87:23. Compared to the bismuth and indium catalysts, Ge(catCl)2(ACN)2 yielded
quantitative conversion over a shorter period of time without the need for an excess of
anisole.
Table 3.10: Different bis(catecholato)germane catalysts in the Friedel-Crafts alkylation
of styrene with diphenylamine.

Entry

Catalyst

Conversion (%)a (ortho:para)

1

Ge(catCl)2(ACN)2

45 (53:47)

2

Ge(catCl)2(THF)2

37 (62:38)

3

Ge(catCl)2(Et2O)2

20 (48:52)

4

Ge(catBr)2(ACN)2

0

5

Ge(catBr)2(THF)2

11 (60:40)

6

Ge(dtbc)2(THF)2

26 (67:33)

a) Conversion values were determined by the difference in 1H NMR integration of a vinylic proton relative
to mesitylene, 1/9 eq., as an internal standard. Conversion values were the average of two runs.
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Table 3.11: Substrate scope of various para-substituted styrene derivatives in the
Friedel-Crafts alkylation of diphenylamine.

Entry

X=

Conversion (%)a (ortho:para)

1

CF3

<5

2

F

30 (57:43)

3

Br

<5

4

Me

>95 (55:45)

5

H

45 (53:47)

6

OMe

>95 (55:45)

a) Conversion values were determined by the difference in 1H NMR integration of a vinylic proton relative
to mesitylene, 1/9 eq., relative to the alkene, as an internal standard. Conversion values were the average of
two runs.

Scheme 3.19: Friedel-crafts alkylation of anisole and styrene catalyzed by
Ge(catCl)2(ACN)2.

3.2.4 Oligomerization Alkenes
To further assess the catalytic activity of bis(catecholato)germanes, the
oligomerization of arylalkenes was probed. When styrene was added to a
suspension of 5 mol% of Ge(catBr)2(THF)2 at 100 °C in tol-d8 for 24 hours, the
formation of polystyrene was observed as indicated by the appearance of broad
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signals in the 1H NMR spectrum of the reaction mixture. Integrating these signals
against mesitylene as an internal standard showed a conversion of 21%.
With the bulkier α-methylstyrene under the same reaction conditions, high
conversion to three dimerization products, 3.6, 3.7, and 3.8 was observed (Table
3.12, Entry 1). Using different donor ligands on the bis(catecholato)germane framework,
the selectivity of the dimers could be tuned. While the catalysts with THF and ethyl ether
donor ligands formed a mixture of the three dimers (Table 3.12, Entries 1,2,4,6), using
Ge(catBr)2(ACN)2 (Table 3.12, Entry 3) or the perchlorocatecholato derivative, (Table
3.12, Entry 5) the selective formation of the cyclic dimer 3.8 was observed. Monitoring
the reaction by 1H NMR spectroscopy, using Ge(catBr)2(ACN)2 as the catalyst, confirmed
that the formation of 3.6 occurs first and is consumed to make either 3.7 or 3.8 (Figure
3.1). Dimer 3.7 can also be converted into dimer 3.8 which is the thermodynamic sink of
the reaction.

Figure 3.1: Dimer products 3.6 (red trace), 3.7 (green trace), and 3.8 (blue trace) formed
in reactions with α-methylstyrene and Ge(catBr)2(ACN)2 over a period of 24 hours at
100°C.
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Table 3.12: The effect of donor ligands and silane/borane additives on the dimerization
of α-methylstyrene

Entry

Catalyst

Additive

Conversiona
(%)

Ratio of Products
3.6:3.7:3.8

1

Ge(catBr)2(THF)2

-

92

34:38:20

2

Ge(catBr)2(Et2O)2

-

98

8:18:72

3

Ge(catBr)2(ACN)2

-

99

0:0:99

4

Ge(catCl)2(THF)2

-

94

17:25:8

5

Ge(catCl)2(ACN)2

-

99

0:0:99

6

Ge(dtbc)2(THF)2

-

18

3:1:0

7

Ge(catBr)2(THF)2

1 eq. HSiEt3

14

14:0:0

8

Ge(catBr)2(Et2O)2

1 eq. HSiEt3

67

65:2:0

9

Ge(catBr)2(ACN)2

1 eq. HSiEt3

16

16:0:0

10

Ge(catCl)2(THF)2

1 eq. HSiEt3

4

4:0:0

11

Ge(catCl)2(ACN)2

1 eq. HSiEt3

16

12:0:0

12

Ge(dtbc)2(THF)2

1 eq. HSiEt3

2

0:0:0

13

Ge(catCl)2(ACN)2

1 eq. HBcat

85

38:10:4

14

Ge(catCl)2(ACN)2

1 eq. HBpin

85

50:20:4

a) Conversion values were determined by the difference in 1H NMR integration of a vinylic proton relative
to mesitylene, 1/9 eq., as an internal standard. Conversion values were the average of two runs.
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The addition of one equivalent of triethylsilane to the reaction resulted in a
notable decrease in the conversion of α-methylstyrene to products when halogenated
bis(catecholato)germanes were utilized as catalysts (Table 3.12, Entries 7-11). However,
despite the low conversion, selective formation of dimer 3.6 was observed. The use of
one equivalent of triethylsilane with Ge(dtbc)2(THF)2 resulted in no conversion (Table
3.12, Entry 12). When using 5 mol% of Ge(catBr)2(Et2O)2 in the presence of 1 eq. of
HSiEt3, the formation of dimer 3.6 was observed with a moderate conversion of 67% and
only a minor amount of dimer 3.7 formed (2%) (Table 3.12, Entry 8). While the role of
the silane in the reaction is currently unknown, it prompted the exploration of the effect
of other additives on the selectivity of the reaction, specifically, the use of boranes (Table
3.12, Entries 13-14) and the use of donor additives, Et2O and hexamethyldisiloxane
(Table 3.13, Entries 1-4). Using an equivalent of pinacolborane or catecholborane
resulted in higher conversion values compared to when triethylsilane was used; however,
a mixture of the three dimers were, once again, formed. When utilizing one or half an
equivalent of hexamethyldisiloxane as the additive, a mixture of dimers was observed
with dimer 3.8 as the major product (Table 3.13, Entries 3-4). However, using one or half
an equivalent of ethyl ether as the additive, the dimerization of α-methylstyrene
proceeded at room temperature with high conversions and high selectivity for dimer 3.6,
demonstrating that the conversion and selectivity can be tuned by altering the additive
and its concentration (Table 3.13, Entries 1-2).
Performing the oligomerization reaction with 5 mol% Ge(catCl)2(ACN)2 in
CD2Cl2 at room temperature, instead of in toluene-d8 at elevated temperatures, resulted in
the formation of a mixture of dimer 3.8 and trimer 3.19 in almost equal amounts (Table
3.14, Entry 1). The use of borane and silane additives resulted in a change of selectivity
favouring the linear dimers 3.6 and 3.7; however, in the case of triethylsilane as an
additive, conversions were substantially lower than without an additive (Table 3.14,
Entries 2-4). While the reactions in DCM also lead to formation of trimer 3.19, the
reactions performed in toluene resulted in better selectivity for single products.
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Table 3.13: The effect of donor ligands and donor additives on the dimerization of αmethylstyrene in toluene-d8.

Conversiona (%) Ratio of Products (3.6:3.7:3.8)

Entry

Additive

1

1 eq. Et2Ob

82

81:1:0

2

0.5 eq. Et2Ob

96

91:3:2

3

1 eq. Me3Si-O-SiMe3

98

18:36:48

4

0.5 eq. Me3Si-O-SiMe3

99

13:20:70

a) Conversion values were determined by the difference in 1H NMR integration of a vinylic proton relative
to mesitylene, 1/9 eq., as an internal standard. Conversion values were the average of two runs. b)
performed at room temperature.

Table 3.14: The effect of silane and borane additives on the dimerization of αmethylstyrene in CD2Cl2.

Conversiona (%) Ratio of Products (3.6:3.7:3.8:3.19)

Entry

Additive

1

-

99

0:0:43:56

2

1 eq. HSiEt3

23

19:0:0:0

3

1 eq. HBpin

96

76:4:5:11

4

1 eq. HBcat

98

60:5:7:9

a) Conversion values were determined by the difference in 1H NMR integration of a vinylic proton relative
to mesitylene, 1/9 eq., as an internal standard. Conversion values were the average of two runs. b)
performed at room temperature.

92

Comparing to other main group catalysts, the selective formation of either dimer
3.6 or 3.8 in the oligomerization of α-methylstyrene has been achieved using InBr3 as the
catalyst by altering the reaction time (Table 3.15, Entries 5,6).15 However, given the ratio
of the products was reported after purification and separation by column chromatography,
the selectivity of the dimers in the crude reaction mixture is not known. BiCl3 has also
been used as a catalyst for the dimerization of α-methylstyrene and selectively yields
dimer 3.8 in 73% yield (Table 3.15, Entry 7).16 Selectivity in the dimerization of αmethylstyrene has also been achieved using different ionic liquids in a variety of solvents
or by using acid catalysis under homogeneous or heterogeneous conditions (Table 3.15,
Entry 8).30 Comparing Ge(catCl)2(ACN)2 to the other Lewis acids, Ge(catCl)2(ACN)2 has
comparable conversions to BiCl3 under similar conditions but the germane system has the
advantage of being able to tune product selectivity. InBr3 was able to achieve high
conversions and product selectivity under milder conditions but the selectivity reported
was after product separation which may not reflect the actual ratio in the crude reaction
mixture.15 Nevertheless, the ability to tune the reaction using a main group catalyst
framework with donor additives is unprecedented. The performance of the
bis(catecholato)germanes (Table 3.15, Entries 1-4) is comparable to that of a rutheniumbased transition metal catalyst system, 3.20 (Chart 3.3 and Table 3.15, Entries 9,10).
With comparable performance and product selectivity via donor additives, the
bis(catecholato)germanes showcase the ability of main group alternative catalysts in the
oligomerization of α-methylstyrene.

Chart 3.3: Ruthenium catalyst for dimerization of α-methylstyrene.
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Table 3.15: Comparison of different catalysts in the dimerization of α-methylstyrene.

Entry

1

2

3

4

5

6
7
8
9
10

Catalyst

Ge(catCl)2
(ACN)2
(5 mol%)
Ge(catCl)2
(ACN)2
(5 mol%)
Ge(catCl)2
(ACN)2
(5 mol%)
Ge(catCl)2
(ACN)2
(5 mol%)
InBr3
(10
mol%)
InBr3
(10
mol%)
BiCl3
(5 mol%)
HI gas
(20
mol%)
3.20
(1 mol%)
3.20
(1 mol%)

Additive

Solvent

Time
(h)

Temp.
(°C)

Conversion
(%)

Ratio of
Products
3.6:3.7:3.8

-

Toluened8

0.5

100

95

87:8:0

-

Toluened8

24

100

99

0:0:99

1 eq.
Et2Oa

Toluened8

24

100

82

81:1:0

0.5 eq.
Et2Oa

Toluened8

24

100

96

91:3:2

-

DCM

2

0

90b

90:0:0

-

DCM

4

rt

88b

0:0:88

-

n-octane

24

110

73

0:0:73

-

neat

24

rt

61

0:0:61

-

DCEc

20

60

68

51:17:0

2 mol%
cinnamic
chloride

DCEc

20

60

82

0:0:82

a) Reaction performed in room temperature; b) Isolated yields after column chromatography; c) DCE =
1,2-dichloroethane
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3.3 Conclusion
Herein, a variety of bis(catecholato)germanes were shown to be excellent Lewis
acid catalysts. The hydrosilylation of aldehydes, oligomerization of arylalkenes,
hydroboration of phenylacetylene, and the Friedel-Crafts alkylation of diphenylamine
were catalyzed by bis(catecholato)germanes and demonstrate the versatility of the
catalyst system. Ge(catCl)2(ACN)2 was found to be the most efficient catalyst among the
germanium-based catalysts tested. It has high Lewis acidity afforded by the halogenated
catecholato substituents and the weakly donating acetonitrile ligand and can be
synthesized in high yield compared to the bromo-derivative. While Ge(catBr)2(ACN)2 has
higher Lewis acidity, as shown in Chapter 2, the higher Lewis acidity of
Ge(catBr)2(ACN)2 appears to have a negative impact on catalysis. The use of donor
additives in the dimerization of α-methylstyrene resulted in selective control for the
formation of one of two different products.

3.4 Experimental
3.4.1 General Experimental
All reactions were conducted under a nitrogen atmosphere using an MBraun Labmaster
130 glovebox. Solvents and reagents were purified by standard methods.19 NMR data
were obtained on a 600 MHz INOVA, 400 MHz INOVA or a 400 MHz Bruker Avance
III NMR spectrometer. The standards used were as follows: residual CHCl3 (7.26 ppm),
CHDCl2 (5.32 ppm), toluene-d7 (2.09 ppm) relative to TMS for 1H NMR spectra; CDCl3
(77.16 ppm) for 13C NMR spectra; J values are reported in Hertz.

3.4.2 General Catalytic Procedures and Product Characterization
A mixture containing the substrates (0.2 mmol of substrate at 1 eq.), catalyst (0.010 mmol
for 10 mol%), mesitylene (0.022 mmol) as an internal standard, and, when specified, an
additive (0.2 mmol for additives at 1 eq.), in 0.5 mL deuterated solvent (CD2Cl2, tol-d8)
were allowed to react for 24 hours in NMR tubes sealed with parafilm and electrical tape.
Control experiments without catalyst were performed in parallel. Conversion of
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substrates to products was determined by integration against mesitylene (C9H12) as an
internal standard.

3.4.3 Hydrosilylation of Aldehydes
1

H NMR (600 MHz, CD2Cl2) 8.17 (d, J = 8.7 Hz, 2H), 7.52 (d, J

= 8.7 Hz, 2H), 4.73 (s, 2H), 0.95 (t, J = 7.9 Hz, 9H), 0.54 (q, J =
7.9 Hz, 6H).17

1

H NMR (600 MHz, CD2Cl2) δ 7.67 (d, J = 8.3 Hz, 2H), 7.50 (d,

J = 8.0 Hz, 2H), 4.66 (s, 2H), 0.95 (t, J = 8.0 Hz, 9H), 0.55 (q, J
= 8.0 Hz, 6H). 17

1

H NMR (600 MHz, CD2Cl2) δ 7.50 (d, J = 8.4 Hz, 2H), 7.25 (d,

J = 8.4 Hz, 2H), 4.50 (s, 2H), 0.96 (t, J = 7.9 Hz, 9H), 0.56 (q, J
= 8.0 Hz, 6H). 17
1

H NMR (400 MHz, CD2Cl2) δ 7.26 (d, J = 7.8 Hz, 2H), 7.18 (d,

J = 7.7 Hz, 2H), 4.51 (s, 2H), 2.36 (s, 3H), 0.98 (t, J = 7.9 Hz,
9H), 0.57 (q, J = 7.9 Hz, 6H).19
1

H NMR (600 MHz, CD2Cl2) δ 3.39 (t, J = 6.8 Hz, 2H), 1.55 (t,

J = 7.1 Hz, 2H), 1.40 – 1.28 (m, 4H), 0.96 (t, J = 7.9 Hz, 9H),
0.91 (t, J = 7.0 Hz, 3H), 0.55 (q, J = 7.9 Hz, 6H).31

1

H NMR (600 MHz CD2Cl2) δ 7.27 (d, J = 7.5 Hz, 2H), 7.19 (d,

J = 7.7 Hz, 2H), 4.52 (s, 2H), 2.37 (s, 3H), 0.14 (d, J = 3.4 Hz,
9H), 0.12 – 0.10 (m, 6H).32

96

H NMR (600 MHz, CD2Cl2) δ 7.29 (d, J = 8.0 Hz, 2H), 7.22 (d,
J = 7.6 Hz, 2H), 4.84 (s, 2H), 2.37 (s, 3H), 1.16 (s, 21H).

1

H NMR (600 MHz, CD2Cl2) δ 7.67-7.40 (5H), 7.31 (d, J = 7.6

Hz, 2H), 7.18 (d, J = 8.0 Hz, 2H), 4.55 (s, 2H), 2.40 (s, 3H), 0.68
(s, 3H).31

3.4.4 Oligomerization of Alkenes
1

H NMR (400 MHz, CD2Cl2): 𝛿 7.20-7.00 (br s, 3H), 6.65-6.45 (br s,

2H), 1.84 (br s, 1H), 1.47 (br s, 2H).33

1

H NMR (400 MHz, Toluene-d8): 𝛿 7.00-7.30 (m, 10H), 5.10 (s, 1H),

4.74 (s, 1H), 2.71 (s, 2H), 1.15 (s, 6H).15
1

H NMR (400 MHz, Toluene-d8): 𝛿 7.00-7.30 (m, 10H), 6.09 (s, 1H),

1.53 (s, 3H).30

1

H NMR (400 MHz, Toluene-d8): 𝛿 7.00-7.30 (m, 9H), 2.33 (d, 1H),

2.05 (d, 1H), 1.58 (s, 3H), 1.24 (s, 3H), 1.00 (s, 3H).15

1

H NMR (600 MHz, Toluene-d8): 𝛿 7.20 – 7.50 (m, 15 H), 2.59 (d, J =

15 Hz, 1 H), 2.20 (d, J = 14 Hz, 1H), 1.90 (d, J = 15 Hz, 1H), 1.72 (d, J
= 14 Hz, 1H), 1.60 (s, 3H), 1.28 (s, 3H), 1.15 (s, 3H), 0.96 (s, 3H).34
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3.4.5 Hydroboration of Alkynes
1

H NMR (400 MHz, Toluene-d8): δ 7.60 (d, J = 18.5 Hz, 1 H), 7.27

(d, 2 H), 7.09 – 7.01 (m, 3 H), 6.32 (d, J = 18.5 Hz, 1 H), 1.12 (s, 12
H). 11B NMR (128 MHz, Toluene-d8): 30.79 (d).35
1

H NMR (400 MHz, Toluene-d8): δ 7.60 (d, J = 18.2 Hz, 1 H), 7.23

(d, 2 H), 6.60 (m, 2 H), 6.20 (d, J = 18.3 Hz, 1 H), 3.28 (s, 3H), 1.14
(s, 12 H).34
1

H NMR (400 MHz, Toluene-d8): δ 7.46 (d, J = 18.4 Hz, 1 H), 7.20

(d, J = 8.1 Hz, 2 H), 7.03 (d, J = 8.1 Hz, 2 H), 6.28 (d, J = 18.4 Hz, 1
H), 1.12 (s, 12 H) 11B NMR (128 MHz, Toluene-d8): 30.05 (d).34
1

H NMR (400 MHz, Toluene-d8): δ 7.65 (d, J = 18.5 Hz, 1 H), 7.29

(d, 2 H), 6.60 (d, 2 H), 6.20 (d, J = 18.5 Hz, 1 H), 1.20 (s, 9 H), 1.14
(s, 12 H).34
1

H NMR (400 MHz, Toluene-d8): δ 7.72 (d, J = 18.5 Hz, 1 H), 7.27 –

7.24 (m, 2 H), 7.07 – 7.04 (m, 4 H), 6.84 – 6.81 (m, 2H), 6.38 (d, J =
18.5 Hz, 1 H). 11B NMR (128 MHz, Toluene-d8): 31.91 (d).36
H NMR (400 MHz, Toluene-d8): δ 7.75 (d, J = 18.5 Hz, 1 H), 7.23
(d, 2 H), 7.08 – 7.06 (d, 2 H), 6.85 – 6.82 (m, 2 H), 6.63 (m, 2H), 6.28
(d, J = 18.5 Hz, 1 H). 11B NMR (128 MHz, Toluene-d8): 32.16 (d).37
1

H NMR (400 MHz, Toluene-d8): δ 7.52 (d, J = 18.8 Hz, 1 H), 7.25
(m, 2 H), 7.07 – 7.02 (m, 4 H), 6.84 (d, 2 H), 6.28 (d, J = 18.8 Hz, 1
H). 11B NMR (128 MHz, Toluene-d8): 31.93 (d).
1

1

H NMR (400 MHz, Toluene-d8) δ 7.80 (d, J = 18.4 Hz, 1H), 7.30 (d,

J = 8.2 Hz, 2H), 7.18 (d, J = 8.4 Hz, 2H), 7.09 – 7.04 (m, 2H), 6.846.82 (m, 2H), 6.43 (d, J = 18.4 Hz, 1H), 1.19 (s, 9H). 11B NMR (128
MHz, Toluene-d8): 28.74 (d).
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3.4.6 Friedel-Crafts Alkylation
1

H NMR (400 MHz, Toluene-d8) δ 7.16 – 7.11 (m,

2H), 7.10 – 7.03 (m, 4H), 6.83 – 6.78 (m, 8H), 4.94 (s,
1H), 3.92 (q, J = 7.2 Hz, 1H), 1.50 (d, J = 7.2 Hz,
3H).26a
1

H NMR (400 MHz, Toluene-d8) δ 7.33 – 6.85 (m,

13H), 6.67 – 6.57 (m, 2H), 5.02 (s, 1H), 4.05 (q, J =
7.1 Hz, 1H), 1.42 (d, J = 7.2 Hz, 3H). 26b

1

H NMR (400 MHz, Toluene-d8) δ 7.25 – 7.12 (m,

6H), 7.05 – 7.00 (m, 6H), 6.76 (d, J = 8.7 Hz, 2H),
1.57 (s, 6H).

1

H NMR (400 MHz, Toluene-d8) δ 7.24 – 7.19 (m,

1H), 7.14 (dd, J = 8.5, 6.8 Hz, 1H), 7.09 – 7.03 (m,
5H), 6.83 – 6.74 (m, 7H), 1.56 (s, 6H).38

1

H NMR (400 MHz, Toluene-d8) δ 7.15-6.70 (18 H),

4.02 (q, J = 7.2 Hz, 1H), 1.44 (d, J = 7.2 Hz, 3H).37

1

H NMR (400 MHz, Toluene-d8) δ 7.15-6.70 (18 H),

4.83 (q, J = 7.2 Hz, 1H), 1.44 (d, J = 7.2 Hz, 3H).37

1

H NMR (400 MHz, Toluene-d8) δ 7.13-6.67 (18 H),

3.94 (q, J = 7.3 Hz, 1H), 1.56 (d, J = 7.3 Hz, 3H).
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1

H NMR (400 MHz, Toluene-d8) δ 7.13-6.67 (18 H),

4.09 (m, 1H), 1.55 (d, J = 7.2 Hz, 3H).37

1

H NMR (400 MHz, Toluene-d8) δ 7.13-6.68 (18 H),

4.12 (q, J = 6.8 Hz, 1H), 1.54 (d, J = 6.8 Hz, 3H)

1

H NMR (400 MHz, Toluene-d8) δ 7.13-6.68 (18 H),

3.93 (q, J = 7.2 Hz, 1H), 1.48 (d, J = 6.8 Hz, 3H).37

1

H NMR (400 MHz, Toluene-d8) δ 7.27-6.69 (9 H),

3.36 (q, J = 7.3 Hz, 1H), 1.52 (d, J = 7.3 Hz, 3H).27

1

H NMR (400 MHz, Toluene-d8) δ 7.27-6.69 (9 H),

3.95 (q, J = 7.3 Hz, 1H), 1.57 (d, J = 7.2 Hz, 3H).27
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Chapter 4
4 Mechanistic Study of Lewis Acid Catalysis with
Bis(catecholato)germanes
4.1 Introduction
The understanding of a reaction mechanism, the sequence of elementary steps by
which a chemical reaction occurs, is crucial for the development of the chemistry of the
reaction. Specifically, the knowledge of the mechanism can be utilized to design more
efficient reactions, limit side reactivity, and improve product selectivity. In catalysis, the
reaction mechanism can lead the development of more efficient catalysts.

4.1.1 Methods for the Elucidation of Reaction Mechanisms
The analysis of a reaction mechanism requires a series of different experiments,
the results of which can be used to hypothesize a reaction mechanism. The analysis of the
rate law of a reaction provides insight into how the concentrations of reactants affect the
reaction rate. The examination of how the electronic and steric properties of different
substrates influence the reaction outcome provide valuable mechanistic information. If
the reaction proceeds quicker with electron rich or electron-deficient substrates, it can
provide insight into the types of intermediates formed during the reaction. If sterically
bulky substrates are difficult to react, a steric clash in the formation of an intermediate
can be implied. If certain functional groups on a substrate shut down the desired
reactivity, the functional groups could lead to side reactions and potentially poison the
catalyst. Isotopic labelling is another method commonly used in mechanistic studies. The
isotopic labelling of a specific atom in a reactant, for example deuterium labelling of a
single hydrogen in a molecule, can provide information of where the labelled atom is
incorporated into the final product. Analysis of the difference in rate between a labelled
reactant and an unlabeled reactant through Kinetic Isotope Effect (KIE) experiments,
allows an assessment of whether or not a given bond involving the labelled atom is
involved in or before the rate-determining step.1 Mechanisms can also be studied
computationally; the calculation of the geometries and energies of various different
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intermediates and transition states along the reaction coordinate allows an assessment of
the kinetics and thermodynamics of a reaction. In this study, Variable Time
Normalization Analysis (VTNA), and a Hammett plot will be used to study the rate law
and the influence of substituents with different electronic properties, respectively, on the
oligomerization of α-methylstyrene. The information gained will then be used to propose
a reaction mechanism for this transformation.

4.1.1.1 Rate Law and VTNA
The experimental determination of the rate law for a reaction gives valuable
information on how the concentration of each reactant affects the reaction rate. For the
reaction A + B → C, the reaction rate, v, is given by the equation:
𝑣 = 𝑘[𝐴]𝛼 [𝐵]𝛽

(1)

Where k is the reaction rate constant, [A] and [B] are the concentrations of the reagents,
and α and β are the reactant orders for A and B, respectively. The overall reaction order is
the sum of α and β. Reactant orders are usually integers but can be fractions or negative
values. If the order of a reactant is zero, the rate of the reaction is unaffected by changes
in the reactant concentration. If the order of a reactant is positive, increasing the
concentration will increase the rate of the reaction.
One method to determine the rate law is through the use of Variable Time
Normalization Analysis (VTNA).2 This method allows for a visual comparison of a
reaction at different reactant concentrations to determine the order of a reactant. In a
VTNA plot, the concentration of product is plotted against a time normalized equation,
where [A] is the concentration of a reactant and α is the rate order for the reaction:
(2)

𝑡=𝑛

∫𝑡=0 [𝐴]𝑎 𝑑𝑡 = ∑𝑛𝑖=1 (

[𝐴]𝑖 −[𝐴]𝑖−1 𝑎
2

) (𝑡𝑖 − 𝑡𝑖−1 )

The time normalized equation (1) normalizes the time between data points by the average
concentration of these points. By monitoring the same reaction with different
concentrations for [A], the reaction order α can be varied until the lines of the plot
overlap which provides a visual method for the determination of the order in reactant.

105

4.1.1.2 Hammett Plots
A common method to determine the electronic effects of a substituent on a
reagent in a given reaction is through a Hammett plot.3 The Hammett equation defines
the relationship between reaction rates of substrates with different substituents,
commonly aromatic rings with different substituents in the para position. The Hammett
equation is as follows:
𝑘

𝑙𝑜𝑔 𝑘 = 𝜎𝜌

(3)

0

The substituent constant, σ, is a constant for a given substituent on an aromatic ring in
either the para or meta positions. σ values are negative for electron-donating substituents,
positive for electron-withdrawing substituents, and 0 for hydrogen. A Hammett plot is
generated by plotting log k/k0 against σ values. The reaction constant, ρ, is represented by
the slope of the Hammett plot and is a measure of the magnitude of the influence the
substituents on the reaction. If a negative slope is observed, the reaction is accelerated by
electron-donating groups, suggesting a buildup of positive charge in the transition state of
the rate-determining step. If a positive slope is observed, the reaction is accelerated by
electron-withdrawing groups, suggesting a buildup of negative charge in the transition
state of the rate-determining step. A non-linear slope can also be observed in a Hammett
plot when the different substituents cause a change in mechanism or a change in the ratedetermining step.

4.1.2 Mechanisms of Alkene Oligomerization
The polymerization of alkenes typically proceeds via a chain-growth mechanism.
Different types of initiators are used in alkene polymerization: anionic, cationic, and
radical, which use nucleophiles, electrophiles and radical initiators, respectively. Cationic
polymerizations are typically achieved through the use of Brønsted acids in which a
proton acts as the initiating electrophile. However, Lewis acids, which react by accepting
a lone pair of electrons, can also be used to achieve cationic polymerization.
Bis(catecholato)germanes have been shown to be effective catalysts for the
oligomerization of α-methylstyrene. To further develop the chemistry of this reaction, a
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study of this mechanism was conducted. The only mechanistic study of a Lewis acid
catalyzed dimerization of α-methylstyrene is one where the reaction is catalyzed by InBr3
(Scheme 4.1).4 Reaction of α-methylstyrene with 10 mol% of InBr3 at 0 °C for 2 hours
resulted in the selective formation of linear dimer 3.6. When the reaction was performed
at room temperature for 4 hours, cyclic dimer 3.8 was afforded instead. Notably,
substitution of the aromatic ring with electron-withdrawing substituents led to the
selective formation of derivatives of dimer 3.6 at room temperature, while substitution
with electron-donating substituents afforded derivatives of the cyclic dimer 3.8,
suggesting that Friedel-Crafts alkylation is favoured when the aromatic ring is electronrich. On the basis of the experimental observations, coordination of α-methylstyrene to
the Lewis acid was proposed resulting in the carbocationic intermediate 4.1. Intermediate
4.1 can then add a second equivalent of α-methylstyrene forming intermediate 4.2 which
can then give three different isomers depending on the subsequent step. Loss of a proton
from either sp3-hybridized carbon α to the carbocationic centre, results in the formation
of dimer 3.6, with a disubstituted alkene, or dimer 3.7, with a trisubstituted alkene. The
third isomer is formed by an intramolecular Friedel-Crafts reaction of carbocation 4.2,
resulting in the formation of the cyclic dimer 3.8.

Scheme 4.1: Proposed mechanism for the dimerization of α-methylstyrene catalyzed by
InBr3.
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The use of various Brønsted acids with methyl para-tolyl ketone as an additive
has also been used to achieve the oligomerization of α-methylstyrene.5 With 20 mol% of
HI gas in the presence of methyl para-tolyl ketone, the selective formation of dimer 3.8
(61% yield) was observed, with dimers 3.6 and 3.7 observed as minor products (7% 3.6,
21% 3.7) (Scheme 4.2). In contrast, in the absence of the ketone, the formation of trimer
4.3 was favoured (68% yield of 4.3). To explore the reaction further, isolated trimer 4.3
was reacted with HI gas in the absence of ketone and formed dimer 3.8 in 84%. When
dimer 3.8 was combined with HI gas and methyl para-tolyl ketone, no reaction was
observed. Finally, if HI gas and α-methylstyrene were allowed to react for one minute, a
mixture of dimers 3.6 and 3.7 as well as trimer 4.3 was observed in 27%, 15%, and 37%
yields, respectively. The proposed reaction mechanism is outlined in Scheme 4.2 and
shows similar features to the proposed InBr3-catalyzed mechanism. The addition of an
acidic hydrogen from HI to α-methylstyrene results in the formation of carbocation 4.4.
Subsequent addition of a second equivalent of α-methylstyrene results in the formation of
carbocationic intermediate 4.5 from which dimers 3.6, 3.7 and 3.8 can be formed. Dimer
3.6 can add to another equivalent of α-methylstyrene which leads to trimer 4.3. Dimers
3.6 and 3.7 and trimer 4.3 are formed first, as evident by their formation within a minute
in the absence of methyl para-tolyl ketone. If the reaction is allowed to proceed over a
longer period of time, selective formation of 3.8 is observed as the thermodynamic
product. Given that reaction of trimer 4.3 and HI gas gives dimer 3.8, the reaction is
reversible. When methyl para-tolyl ketone is present, an equilibrium exists with HI gas
favouring the protonated ketone 4.6. As a weaker acid, 4.6 cannot protonate trimer 4.3,
preventing the equilibrium shift to the thermodynamically favoured product, 3.8.
Comparing to the InBr3 mechanism (Scheme 4.1), replacing the InBr3 in intermediate 4.2
with a hydrogen would yield the same carbocation intermediate as the HI gas mechanism,
4.5 (Scheme 4.2).
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Scheme 4.2: Proposed mechanism for the oligomerization of α-methylstyrene catalyzed
by HI gas with the use of methyl para-tolyl ketone as an additive.

4.1.3 Mechanistic Studies of Bis(catecholato)silanes as Lewis Acid
Catalysts
While a variety of applications have been found for the use of bis(catecholato)silane
and -germane Lewis acids as catalysts, limited studies on the mechanism of catalysis
have

been

performed.

Bis(perfluorocatecholato)silane,

Si(catF)2,

catalyzes

the

hydrosilylation of aldehydes.6 The mechanism of the catalysis was also considered.
While a stable complex with an aldehyde coordinating to Si(catF)2 was not observed in a
stoichiometric reaction, the use of the strongly coordinating N,N’-diisopropylbenzamide
resulted in coordination of the carbonyl oxygen to the silicon centre; the complex was
identified by 1H NMR spectroscopy as well as X-ray crystallography. Furthermore, no
changes in the 1H NMR spectrum of HSiEt3 in the presence of Si(catF)2 were observed
suggesting that coordination of the aldehyde initiates the reaction rather than coordination
of the silane. The aldehyde substrate scope revealed that electron-withdrawing groups on
benzaldehydes were required to achieve high conversions while the silane substrate scope
tolerated sterically bulky substituents and both electron-withdrawing and electrondonating substituents. Understandably, the silane scope is broad as it is not involved in
the critical step in the mechanism. The requirement of electron-withdrawing groups on
the aldehydes shows it is involved in the critical step of reaction, consistent with an
aldehyde activation mechanism. Furthermore, the electron-withdrawing groups moderate
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the donor ability of the aldehyde allowing the reaction to proceed and the final product to
eliminate from Si(catF)2.
The number of bis(catecholato)silanes and -germanes catalysts was expanded by
Greb et al. in the past 5 years to include Si(catCl)2(ACN)2,7 Si(catBr)2(ACN)2,8
Si(catCF3)2(sulfolane)2,9 and Ge(catCl)2(ACN)2.10 While a variety of different catalytic
reactions were demonstrated, research directed towards understanding the mechanism
was minimal, with limited substrate scopes and no experimental mechanistic work.
However, computations of the energetics of ACN donor dissociation from
Si(catCl)2(ACN)2 was performed at the PW6B95-D3(BJ)/def2-TZVPP level of theory
(Scheme 4.3).8 The calculations showed that the dissociation of the first equivalent of
ACN is endergonic while the dissociation of the second equivalent, and the overall
dissociation of both ACN donors, is exergonic, suggesting that donor-free Si(catCl)2
would be accessible during a reaction.

Scheme 4.3: Calculated energetics of ACN dissociation from Si(catCl)2(ACN)2.

4.1.4 Project Goal
The understanding of reaction mechanisms is often key in the development of the
chemistry. The goal of this project was to elucidate the mechanism of catalysis of
bis(catecholato)germanes. The mechanism of hydrosilylation of aldehydes was
previously studied with Si(catF)2 as a catalyst. Since similar observations in substrate
scope were observed with the corresponding germanes, specifically that electrondeficient

aldehydes

were

necessary

for

high

conversions,

we

propose

the

bis(catecholato)germanes also activate the aldehyde through coordination allowing
subsequent addition of the H-Si bond across the carbonyl moiety. The hydroboration of
alkynes and Friedel-Crafts alkylation using alkenes was also shown to be catalyzed by
bis(catecholato)germanes. While a small substrate scope revealed some key mechanistic
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observations, further investigation expanding the substrate scope should be investigated
prior to detailed mechanistic studies. The mechanism of oligomerization of styrene and αmethylstyrene has not been investigated for group 14 bis(catecholato)- Lewis acids. In
the oligomerization of α-methylstyrene, high selectivity was observed under certain
conditions, notably with the use of donor additives. The substrate scope revealed no
reactivity for non-aryl alkenes. Finally, understanding the mechanism of alkene
oligomerization may help us understand why hydrosilylation and hydroboration of
alkenes was unachievable using the bis(catecholato)germane catalysts. As such, the focus
of this chapter was on the reactions with alkene substrates, specifically the
oligomerization of styrene and α-methylstyrene. To understand the mechanism of this
reaction, a rate law analysis, a Hammett plot, and computational calculations were
performed and are discussed herein.
The oligomerization of α-methylstyrene using bis(catecholato)germanes as
catalysts, formed several products: 3.6, 3.7, 3.8, and 3.19 (Table 4.1). The conversion of
α-methylstyrene and the selectivity of the reaction depends on the catalyst and additives
used. Specifically, while the choice of halogen on the catechol substituents plays a
minimal role in conversion and selectivity (Table 4.1, Entries 1 and 4, 3 and 5), the
choice of donor had a substantial influence on both reactivity and selectivity (Table 4.1,
compare Entries 1 and 4 and 5). Catalysts with THF ligands give lower conversions and
form a mixture of products (Table 4.1, Entries 1 and 4), while the use of catalysts with
bound ACN ligands selectively form the cyclic dimer 3.8 over the linear dimers 3.6 and
3.7 (Table 4.1, Entries 3 and 5). Furthermore, the addition of diethyl ether as an additive
altered the selectivity, favouring the formation of linear dimers 3.6 and 3.7 while
maintaining high conversions (Table 4.1, compare Entries 6-7 to Entry 5). These
observations are key to the formulation of a proposed mechanism. Finally, while
reactions in toluene afforded only dimers (3.6, 3.7 and 3.8), reactions in CD2Cl2 at room
temperature resulted in the formation of a cyclic trimer (3.19).
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Table 4.1: Summary of key reactions on the catalytic oligomerization of αmethylstyrene.

Ratio of
Entries

Catalyst

Additive

Conversion
(%)

Products
3.6

3.7

3.8

1

Ge(catBr)2(THF)2

-

92

34

38

20

2

Ge(catBr)2(Et2O)2

-

98

8

18

72

3

Ge(catBr)2(ACN)2

-

99

0

0

9

4

Ge(catCl)2(THF)2

-

94

17

25

8

5

Ge(catCl)2(ACN)2

-

99

0

0

99

6

Ge(catCl)2(ACN)2

1 eq. Et2O

82

81

1

0

7

Ge(catCl)2(ACN)2

0.5 eq. Et2O

96

91

3

2

8

Ge(catCl)2(ACN)2

98

18

36

48

1 eq. Me3Si-OSiMe3

4.2 Results and Discussion
4.2.1 Experimental Studies
4.2.1.1 Rate Studies
A VTNA of the oligomerization of α-methylstyrene was performed using
Ge(catCl)2(THF)2 as the catalyst, as the reaction proceeds slower with the bound THF
ligands on the catalyst allowing for easier monitoring of the reaction by NMR compared
to using Ge(catCl)2(ACN)2 as the catalyst. CD2Cl2 was chosen as the NMR solvent for the
VTNA study as the reaction proceeds quickly at room temperature. A solution of α-
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methylstyrene in CD2Cl2 was added directly to an NMR tube containing a catalytic
amount of Ge(catCl)2(THF)2 and mesitylene as an internal standard in CD2Cl2 (Scheme
4.4). The reaction was monitored over 30 minutes by 1H NMR spectroscopy.
To analyze the order in styrene, the total concentration of oligomerization
products formed (3.6, 3.7, 3.8, 3.19) was plotted against Σ[styrene]αΔt, where α is the
reaction order for styrene (Figure 4.1). The order in styrene was altered between 1-2 and
the values are plotted when the starting concentration of styrene is 0.14 M and 0.27 M.
Notably, when the reactant order is 1.5, the best overlap between the two concentrations
is observed suggesting an order of 1.5 for styrene. The formation of dimers, 3.6, 3.7, and
3.8, and trimer 3.19, when using CD2Cl2 as a solvent is the likely cause of the fractional
reactant order.

Scheme 4.4: The reaction conditions used for the VTNA rate study
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0.2
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0.1
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0.27 M

0
0
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Σ[alkene]1.5Δt

0.8

1

Figure 4.1: VTNA plots for the oligomerization of α-methylstyrene. The order of αmethylstyrene is 1.5.

4.2.1.2 Hammett Plot
To study the mechanism of alkene oligomerization further, a Hammett analysis
was performed using para-substituted styrene derivatives. The para-substituted styrenes
were chosen as several derivatives were commercially available in contrast to the parasubstituted α-methylstyrene derivatives. Styrene was reacted with an equal amount of
various para-substituted styrene using Ge(catCl)2(ACN)2 as the catalyst (Scheme 4.5).
After reacting for 30 minutes, a 1H NMR spectrum was recorded. The consumption of the
styrene and para-substituted styrenes were determined by integration relative to a
mesitylene internal standard. The results are shown in Figure 4.2.

Scheme 4.5: The reaction between styrene and para-substituted styrenes used to generate
the Hammett plot.
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Styrene Oligomerization Hammett Plot
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Figure 4.2: Hammett plot for the oligomerization of various para-substituted styrene
derivatives. The points are averages of at least two runs.
The Hammett plot revealed a good linear correlation with an R2 value of 0.9853.
The rate of reaction for styrenes with electron-withdrawing substituents was less than that
for electron-rich styrenes resulting in a negative slope. Together, the results are consistent
with the build up of positive charge in the transition state of the rate-determining step.
The magnitude of the reaction constant, 1.60, shows that the reaction is quite sensitive to
the electronic nature of the substituents in the para position.

4.2.1.3 Measuring Product Formation Over Time
Using different donor ligands on the bis(catecholato)germane framework, the
selectivity of the dimers could be tuned. While the halogenated bis(catecholato)germanes
with THF and diethyl ether donor ligands formed a mixture of the three dimers, using
Ge(catBr)2(ACN)2 or the perchlorocatecholato derivative as the catalyst, the selective
formation of the cyclic dimer 3.8 was observed (Table 4.1, Entries 1-5). Monitoring the
reaction by 1H NMR spectroscopy, using Ge(catBr)2(ACN)2 as the catalyst, confirmed
that the formation of 3.6 occurs first and is consecutively consumed to make either 3.7 or
3.8 (Figure 4.3).11 Dimer 3.7 is converted into dimer 3.8 over time; 3.7 is the
thermodynamic sink of the reaction.
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Figure 4.3: Dimers 3.6 (red trace), 3.7 (green trace), and 3.8 (blue trace) formed in
reactions with α-methylstyrene and Ge(catBr)2(ACN)2 over a period of 24 hours at 100
°C.
The experimental studies on the mechanism yielded key pieces of information
that will be considered in the proposed mechanism. The VTNA study showed the rate is
highly dependent on the concentration of α-methylstyrene. The Hammett plot showed an
increase in rate when electron-donating substituents are in the para-position of styrene.
Furthermore, the negative slope is consistent with the buildup of positive charge in the
rate-determining step. Finally, monitoring the formation of dimer products shows the
rapid formation of 3.6 which is consumed to form dimers 3.7 and 3.8.

4.2.2 Computational Calculations
To further understand the reactivity of bis(catecholato)germanes, the energetics of
the bis(catecholato)germane core in various states of ligation were calculated using
density functional theory at the BP86 D3(BJ)/def2-SVP//PBEh-3c/def2-mSVP level of
theory.12 Geometry optimizations were performed at the PBEh-3c/def2-mSVP level of
theory, chosen because it is a computationally inexpensive method that provides accurate
geometries; however, the method is not effective at calculating accurate enthalpy and
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Gibbs free energy values.11g As such, the optimized geometries were then utilized in a
frequency calculation at BP86 D3(BJ)/def2-SVP level of theory, a method and basis set
more suitable for generating reliable enthalpy and Gibbs free energy values.11h

4.2.2.1 Weak Donor Dissociation from Bis(catecholato)germanes
The thermodynamics of the stepwise dissociation of the donor ligand from the
Ge(catBr)2 core were calculated. The results are presented in Table 4.2. Notably, the
dissociation of both the first and second equivalent of a weak donor (THF or ACN) are
endergonic (Table 4.2 Entries 1,2). Higher Gibbs free energy values were observed for
THF in comparison to ACN, which is consistent with the higher donor ability of THF
(Donor number for ACN = 14.1; THF = 20.0).13 The analogous Gibbs free energy
calculations were reported for bis(perchlorocatecholato)silane and ACN (Table 4.2, Entry
3).7 While each subsequent donor dissociation for the bis(perbromocatecholato)germane
was endergonic, the dissociation of the first equivalent of acetonitrile from
bis(perchlorocatecholato)silane is endergonic but the dissociation of the second
equivalent

is

exergonic.

Notably

the

overall

reaction

from

the

bis-ligated

Si(catCl)2(ACN)2 to the free Si(catCl)2 is exergonic. The greater stability of
hypercoordinate germanium compounds relative to silicon is the likely explanation of the
observed differences.
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Table 4.2 Calculation of Gibbs free energy of the association of ACN and THF to
Ge(catBr)2.

Entry Element

X

Donor ΔG Reaction 1 (kJ/mol)a ΔG Reaction 2 (kJ/mol)a

1

Ge

Br

ACN

+29.57

+4.40

2

Ge

Br

THF

+89.97

+42.45

3

Si7

Cl

ACN

+12

-31

a) = BP86 D3(BJ)/def2-SVP//PBEh-3c/def2-mSVP

4.2.2.2 Energetics of the Coordination of Substrate to Ge(catBr)2
The thermodynamics of the coordination of styrene to Ge(catBr)2(ACN)x, species
were calculated, and the results are given in Table 4.3. While the dissociation of one
equivalent of acetonitrile from Ge(catBr)2(ACN)2 was endergonic, coordination of the
alkene to the mono-ligated intermediate was, overall, an exergonic process (Figure 4.4).
Notably, the relative energies of the cis- and trans-oriented Ge(catBr)2(ACN)(styrene)
complexes were computed and the trans isomer was found to be of lower energy.
Coordination of styrene to the donor-free Ge(catBr)2 core is exergonic; however,
dissociation of both acetonitrile ligands before styrene coordination is energetically less
favourable compared to dissociation of one acetonitrile donor (Figure 4.4). The
heptacoordinated species Ge(catBr)2(ACN)2(styrene), could not be located as a minimum
on the energy surface. As such, the likely pathway to styrene coordination is the
dissociation of one ACN donor from Ge(catBr)2(ACN)2 before the trans coordination of
styrene.
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Figure 4.4: Energetics of the coordination of styrene to Ge(catBr)2(ACN)x (x = 0-2).
With Ge(catBr)2(ACN)(styrene), with the styrene and acetonitrile in a transorientation, calculated to be the lowest energy species along the reaction path, the
energetics of the analogous intermediates of an aldehydic, alkenyl, and alkynyl substrate
were also calculated (Table 4.3). The coordination of all three substrates, an aldehyde, an
alkene, and an alkyne (Table 4.3, Entries 2-4), is energetically more favourable than the
re-coordination of a dissociated ACN donor (Table 4.3, Entry 1). Notably, ΔG for the
coordination of styrene, p-tolualdehyde, and phenylacetylene to Ge(catBr)2(ACN) only
differ by 1 kJ/mol (Table 4.3, Entries 2-4). Calculation of the Ge(catBr)2(ACN)(H)
intermediate formed from breaking of the H-Si bond of triethylsilane, revealed this
pathway to be unfavourable (Table 4.3, Entry 5). Even calculating the SiEt3+ cation with
the dissociated ACN stabilizing the reactive silylium cation, resulted in an intermediate
that is +208 kJ/mol higher in energy and still energetically unfavourable. As such, the
coordination of the unsaturated alkenes, alkynes, and aldehydes is preferred over H-Si
bond activation.
The DFT calculations provided useful insight into the function of the
bis(catecholato)germanes as catalysts. The calculated energetics of the donor dissociation
and substrate coordination show the active catalyst species is likely the mono-donor
species, Ge(catX)2(ACN). Furthermore, the coordination of the alkene substrate to the
proposed active catalyst species is favoured. While less favoured, the subsequent
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recoordination of donor ligand is also an endergonic reaction and should be considered
when donor additives are used.
Table 4.3: Calculated Gibbs free energies for the coordination of various substrates to
Ge(catBr)2(ACN).

Entry

Substrate

Gibbs Free Energy (kJ/mol)a

1

ACN

-30

2

Styrene

-44

3

Phenylacetylene

-44

4

p-tolualdehyde

-45

5

HSiEt3

+208

a) = BP86 D3(BJ)/def2-SVP//PBEh-3c/def2-mSVP

4.2.3 Proposed Mechanism for the Catalytic Oligomerization of αmethylstyrene by Bis(catecholato)germanes
Using the findings described herein, the following mechanism for the
dimerization of α-methylstyrene is proposed (Scheme 4.6). The pre-catalyst
Ge(cat)2(donor)2 and the active catalyst species, and Ge(cat)2(donor) are in equilibrium
with one another, the position of which is governed by the strength of the donor ligand
(Table 4.2). The active catalyst, Ge(cat)2(donor), coordinates an equivalent of αmethylstyrene to form intermediate 4.7 (Figure 4.4). The formation of intermediate 4.7
results in the formation of a cationic centre on the α-methylstyrene, which aligns with the
buildup of positive charge as suggested by the Hammett plot. Intermediate 4.7 can then
add another equivalent of alkene to form 4.8 before releasing the kinetically favoured
dimer 3.6 and reforming the active catalyst. Recoordination of 3.6 to the active catalyst
can give isomer 3.7 through intermediate 4.9. While the added steric bulk of αmethylstyrene disfavours further oligomerization, both dimers 3.6 and 3.7 can
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recoordinate, forming intermediates 4.9 and 4.10, respectively, and facilitate cyclization
to form the thermodynamic product 3.8 and recycling the active catalyst. The donor
strength of the ACN, THF and Et2O ligands influences both the pre-catalyst/active
catalyst equilibrium and the Lewis acidity of the active catalyst, Ge(cat X)2(donor). The
VTNA showed a reactant order of 1.5 for the styrene. As such, the rate determining step
is likely the addition of the first equivalent of α-methylstyrene to intermediate 4.7. The
fractional reactant order is likely due to the consumption of dimer 3.6 to form the
subsequent dimer species.
As shown by the complete conversion to cyclic dimer 3.8, the acetonitrile
derivatives are the most reactive catalysts, which is consistent with the FIA values and
the relative energies of the donor-free, mono-ligated and bis-ligated complexes (Figure
4.4). Introducing donor additives to the reaction introduces a competitive pathway in
which the active catalyst can coordinate either α-methylstyrene, dimer 3.6, or the
additive. The selectivity for dimer 3.6 obtained upon the addition of ethyl ether suggests
that coordination of α-methylstyrene competes well with the added ether; however,
coordination of dimer 3.6 is no longer competitive (Table 4.1, Entries 6-7). When using
the weaker donors, hexamethyldisiloxane, the coordination of 3.6 is competitive resulting
in the mixture of products (Table 4.1, Entry 8). This competitive donor pathway allows
for the selectivity of the reaction to be tuned by both the donor strength and concentration
of the additives.
Performing the reaction in dichloromethane, the formation of trimer 3.19 was
observed (Scheme 4.7). Trimer 3.19 is likely formed by coordination of the styrene
derivative to the active catalyst, forming intermediate 4.7, followed by addition of a
second equivalent of α-methylstyrene, forming intermediate 4.8 and addition of a third
equivalent of α-methylstyrene then takes place forming intermediate 4.11 (Scheme 4.7).
Subsequent Friedel-Crafts alkylation gives the observed cyclic trimer 3.19. Since, no
linear trimer species was observed, it is hypothesized that the Friedel-Crafts alkylation
step occurs quite rapidly, preventing further polymeric growth. The influence of donor
additives on the reactions performed in DCM need to be investigated further.
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Scheme 4.6: Proposed mechanism for the oligomerization of α-methylstyrene in toluene
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Scheme 4.7: Proposed formation of trimer 3.19 by trimerization and subsequent FriedelCrafts alkylation.

4.3 Comparison to InBr3- and HI-Catalyzed Oligomerization
of α-methylstyrene
The mechanistic study presented herein illustrates some differences to the InBr3and HI-catalyzed oligomerization mechanisms of α-methylstyrene.4,5 In the InBr3catalyzed dimerization of α-methylstyrene, coordination of α-methylstyrene to the
catalyst and subsequent addition of another equivalent of α-methylstyrene, gives
intermediate 4.2 from which all three dimers 3.6, 3.7, and 3.8, are derived (Scheme 4.1).
Similarly, the mechanism of dimerization of α-methylstyrene catalyzed by HI gas has an
analogous cationic intermediate that forms 3.6, 3.7, and 3.8 directly (Scheme 4.2). In the
proposed

mechanism

for

bis(catecholato)germane-catalyzed

α-methylstyrene

oligomerization, three different carbocationic intermediates are present. Intermediate 4.8,
formed during the initial α-methylstyrene dimerization, is analogous to intermediate 4.2
in the InBr3 mechanism, which was proposed to lead to dimers 3.6, 3.7, or 3.8. However,
based on the rapid formation of 3.6 and subsequent conversion to 3.7 and 3.8 (Figure
4.3), it is proposed that intermediate 4.8 exclusively gives dimer 3.6 and dimer 3.6 then
recoordinates to the catalyst to form intermediate 4.9. Intermediate 4.9 can then form
either dimer 3.7 or 3.8. Recoordination of 3.7 to the catalyst results in a new carbocation
intermediate 4.10 which can also undergo a Friedel-Crafts cyclization to form 3.8. This
mechanism is consistent with the mechanism for Brønsted acid HI gas-catalyzed
oligomerization as the intermediate in that mechanism, 4.5, is the same as intermediates
4.8. 4.9. and 4.10, with a proton instead of a Lewis acid (Scheme 4.2 and Scheme 4.8).
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Scheme 4.8: Selected portion of the mechanism for the oligomerization of αmethylstyrene by bis(catecholato)germanes highlighting intermediates 4.8, 4.9, and 4.10.
The use of donor additives with the bis(catecholato)germanes to control the
selective formation of either dimer 3.6 or 3.8 is similar to the use of methylketones with
HI gas. The methylketone establishes an equilibrium between the protonated ketone and
the active HI catalyst which both slows down the reaction and inhibits the protonation of
trimer 4.3. We propose that the addition of donor additive to bis(catecholato)germanes
results in a similar equilibrium where added ether can coordinate to the mono-donor
active catalyst species reforming a bis-donor precatalyst with ether instead of acetonitrile,
a process which is competitive with the recoordination of dimer 3.6. We also propose that
the added donors could coordinate to the carbocationic intermediates, 4.7, 4.8, 4.9, and
4.10, altering the equilibria present.

4.4 Conclusion
Herein, the mechanism of catalysis by bis(catecholato)germanes in the oligomerization of
styrenes has been examined. Calculations provide evidence that bis(catecholato)germanes
with a single donor molecule ligated is likely the active catalyst. VTNA confirms a
dependence on the concentration of alkene in the reaction, with a reactant order of 1.5 for
α-methylstyrene, and the Hammett plot confirmed a build-up of positive charge in or
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before the rate-determining step. As such the rate determining step was determined to be
the addition of the first equivalent of alkene. Monitoring the reaction over time showed
the instantaneous formation of dimer 3.6 which is subsequently converted to dimer 3.7
and dimer 3.8. These experiments lead to a proposed mechanism featuring three
carbocation intermediates which accommodate the initial dimerization of 3.6 and the
subsequent conversion to 3.7 and 3.8. This mechanism of Lewis acid catalysis for the
oligomerization of α-methylstyrene, improves on the mechanism reported for InBr3
Lewis acids, in which only a single carbocation intermediate was proposed and is
consistent with observations seen in HI gas Brønsted acid catalyzed oligomerization of αmethylstyrene. This mechanism provides the foundation for all future mechanistic studies
with the bis(catecholato)germanes, revealing the importance of donor ligand association
and dissociation as well as substrate coordination on the reaction which determined the
product selectivity of the different dimers. As such, exploring the use of different ligated
donors or donor additives to fine tune the selectivity should be explored. While an alkene
coordination mechanism was preferred over a silane activation mechanism, future
computational studies should explore the reaction of either triethylsilane or an equivalent
of α-methylstyrene to intermediate 4.7 to provide further insight into why hydrosilylation
of alkenes did not work with the bis(catecholato)germanes as catalysts.

4.5 Experimental
4.5.1 General Experimental
All reactions were conducted under a nitrogen atmosphere using an MBraun
Labmaster 130 glovebox. Solvents and reagents were purified by standard methods. NMR
data were obtained on a 600 MHz INOVA, 600 MHz Bruker Avance or a 400 MHz
Bruker Avance III NMR spectrometer. The standards used were as follows: CHDCl2
(5.32 ppm), toluene-d7 (2.09 ppm) relative to TMS for 1H NMR spectra; J values are
reported in Hertz.

4.5.2 Hammett Plot
A solution of styrene (0.1 mmol), substituted styrene (0.1 mmol), and mesitylene
(0.022 mmol) dissolved in 0.5 mL of toluene-d8 was added to solid Ge(catCl)2(ACN)2
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(0.01 mmol) and the reaction was transferred to an NMR tube. The NMR tube was sealed
with Parafilm® and electrical tape and heated to 100 °C for 30 minutes and then 1H NMR
spectra were recorded at room temperature. The experiments were run in duplicate to
±5% conversion. The integrations of the signals assigned to one of the vinylic hydrogens
of the styrene and the styrene derivatives were measured and converted to kX/kH values
which were plotted against the Hammett parameter for each substituent.

4.5.3 Visual Kinetic Analysis
For each experiment, a suspension of Ge(catCl)2(ACN)2 (0.01 mmol) in 0.5 mL of
CD2Cl2 was transferred to an NMR tube with a Teflon cap. After lock and shimming,
0.25 mL of a solution containing α-methylstyrene was added and a 1H NMR spectrum
was taken every 1-2 minutes for 30 minutes. The total concentration of products formed
(3.6, 3.7, 3.8, 3.19) was monitored. The concentrations used for each run are presented in
Table 4.4.
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Figure 4.5: VTNA plot of α-methylstyrene oligomerization with a reactant order of
1.5 showing error bars.
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Figure 4.6: VTNA plots of α-methylstyrene oligomerization with reactant orders of
1.4 and 1.6.
Table 4.4: Concentrations used for the VTNA rate study
[α-methylstyrene] [catalyst]
0.14 M

0.006 M

0.27 M

0.006 M

4.5.4 Computational Details
All calculations have been performed with ORCA 4.1.2 and ORCA 4.2.
Geometry optimizations were performed with PBEh-3c/def2-mSVP as implemented in
ORCA, using grid5 settings. All calculated geometries have been confirmed as energetic
minima on the potential energy surface by analytical calculation of harmonic frequencies
at the PBEh-3c level. In case of negative frequencies >10 cm-1, the geometries were
reoptimized with grid6, TightOPT and VeryTightSCF settings. For the fluoride ion
affinities, the optimized geometries were than used to calculate the single point energies
at B3LYP D3(BJ)/def2-TZVPP level of theory using the RIJCOSX approximation and
def2/J as the auxiliary basis set. For the reaction coordinate calculations, the optimized
geometries were used to calculate the thermodynamic values at BP86 D3(BJ)/def2-SVP
level of theory using the RIJCOSX approximation and def2/J as the auxiliary basis set.
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Chapter 5
5 Bis(catecholato)germanes as Potential Frustrated Lewis
Pair Components
5.1 Introduction
Lewis acids and Lewis bases, compounds which can accept an electron pair and
donate an electron pair respectively, react with one another to form a Lewis adduct.
Typically, the equilibrium for the reaction lies far to the right (Figure 5.1). Hindering the
formation of a Lewis adduct by introducing bulky groups onto both the Lewis acid and
the Lewis base affects the equilibrium, shifting it to the left in favour of the uncomplexed
Lewis acid and base. Using bulky substituents on the Lewis acid and base to synthesize
what are now known as frustrated Lewis pairs (FLPs) can facilitate reactions and bond
activations cooperatively which cannot be achieved using stable Lewis acid-base pairs.1

Figure 5.1: The basic premise behind frustrated Lewis pair chemistry

5.1.1 The Design of Frustrated Lewis Pairs
Stephan

and

coworkers

reported

the

first

FLP:

the

intramolecular

boron/phosphorus FLP 1.11 which takes advantage of two different strategies to inhibit
Lewis acid-base adduct formation (Chart 5.1).2 First, the Lewis acidic boron and Lewis
basic phosphorus centres are linked together by a rigid fluorinated aryl bridge
(geometrical constraint), preventing an intramolecular interaction between the two
centres. Second, the mesityl groups on the phosphine and the pentafluoraryl groups on
the borane provide sufficient steric bulk to inhibit intermolecular Lewis acid-base
formation (steric constraint). While geometric constraint and steric bulk can be used,
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Stephan and coworkers also found that PtBu3 and B(C6F5)3 could be used to create an
intermolecular FLP which utilizes steric bulk alone to generate an FLP. 3 Geminal FLP’s,
in which the Lewis acid and base are located geminal to one another, e.g. LA-CH2-LB,
illustrate the benefit of adding geometrical constraint to the FLP design. In a geminal
FLP, to make a Lewis adduct, a three-membered ring would have to be formed, and the
strain of the small ring hinders Lewis acid-base-adduct formation. The small ring
geometric constraint allows the use of less bulky substitutents on at least one component
of the pair. For example, whereas the Si/P geminal FLP 5.1 has bulky tBu substituents on
the phosphine base, the silicon Lewis acid features only halide substituents.4

Chart 5.1: FLP’s 1.11, PtBu3 and B(C6F5)3, and 5.1.
In the design of frustrated Lewis pairs for catalysis, it is critical that the FLP be
able to transfer an activated small molecule onto a substrate. The choice of acid and base
not only affects the Lewis acid-base adduct equilibrium, but also affects later steps in the
catalytic cycle. For example, N-heterocyclic carbenes (NHC) are strong Lewis bases and
can facilitate the activation of dihydrogen when used as part of an FLP.5 However, the
affinity of NHCs for the hydride prevents transfer of the hydride to a substrate preventing
carbenes from being used as FLP catalysts.

5.1.2 Reactivity of Frustrated Lewis Pairs
Frustrated Lewis pairs have been used to activate a variety of small molecules.
The phenylene-bridged 1.11 can reversibly activate dihydrogen forming 1.12 (Scheme
5.1).2 Alongside the report by Power in 2005,6 in which dihydrogen activation was
achieved by a digermyne, these reports presented the first examples of dihydrogen
activation by main group elements, an activation that was previously thought to be
exclusive to transition metal chemistry and has contributed towards a renaissance in main
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group chemistry. Since the initial FLP report, dihydrogen activation has been observed
by numerous inter- and intramolecular FLPs.1a,b

Scheme 5.1: Reversible activation of dihydrogen by FLP 1.11.
With the impact of main group dihydrogen activation by FLPs, the activation of
other small molecules has been explored. For example, FLPs have also been used to
activate numerous main group oxides such as CO2, CO, N2O, NO, and SO2. The
activation of these main group oxides demonstrates the versatility of FLP chemistry and
the potential for the development of various catalytic applications. The activation of
CO2,7 N2O,8 and SO29 has been achieved using PtBu3 and B(C6F5)3 under mild conditions
(Scheme 5.2). While all three activations proceed at room temperature, the reaction with
CO2 was found to be reversible at higher temperatures and reduced pressure. Reversible
activations are indicators of potential use in catalysis where substrate binding and
subsequent product release are required. Nonetheless, there are several ongoing
challenges in the development of FLPs for catalysis such as the efficient and selective
reduction of CO2 to a C1 building block.

Scheme 5.2: Activation of various main group oxides by B(C6F5)3 and PtBu3.
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The ability of FLPs to activate small molecules has led to numerous catalytic
applications. Notably, FLPs are prominent main group hydrogenation catalysts
facilitating the hydrogenation of multiple unsaturated substrates including imines,
carbonyl compounds, and alkenes.1a,b For example, using the bulky B(C6F5)2(Mes) Lewis
acid with either quinuclidine or 1,4-diazabicyclo[2.2.2]octane (DABCO) as the Lewis
base, the hydrogenation of imines and enamines was achieved under mild conditions with
4 atm of H2 (Scheme 5.3).10 Furthermore, the selective hydrogenation of the cyclic
alkenyl moiety of carvone was achieved; a challenging, selective transformation for
conventional palladium and platinum catalysts illustrating an example where the FLP
catalyst provides a distinct advantage over transition metal catalysts.11

Scheme 5.3: An example of catalytic hydrogenation of an imine and alkene using
B(C6F5)2Mes and DABCO.10
FLP’s have also been shown to catalyze other reactions such as hydrosilylation,12
hydroamination13 and intramolecular cyclizations.14 For example, the activation of the SiH bond of dimethylphenylsilane can be achieved using B(C6F5)3 and PtBu3 in
dichloromethane, and the reaction can be incorporated into a catalytic cycle (Scheme
5.4).15 More specifically, the hydrosilylation of imines can be catalyzed by FLPs to
obtain amines, after hydrolysis of the silylamine. Although the use of B(C6F5)3 as a Lewis
acid catalyst gave higher yields in the hydrosilylation of imines than the use of B(C 6F5)3
and PtBu3, the FLP catalyst resulted in higher enantioselectivity. The enantioselectivity in
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the hydrosilylation of imines was further explored with 5.2, an FLP with a chiral borane
Lewis acid, which resulted in even greater ee values than those obtained using B(C6F5)3
and PtBu3.

Scheme 5.4: Catalytic hydrosilylation of imines achieved using FLP 5.2.

5.1.3 Group 14 Frustrated Lewis Pairs
The use of group 14 based Lewis acids in frustrated Lewis pair chemistry is
underexplored compared to the plethora of examples using group 13 elements. One FLP
strategy that has worked well for group 14 Lewis acids is the utilization of group 14
Lewis acids as part of geminal FLPs. One example of a group 14 geminal FLP features a
methylene bridged tert-butyl phosphine Lewis base and a neutral group 14 Lewis acid
with fluorinated ethyl substituents 5.3.16 Notably, several small molecule activations were
achieved including the activation of CO2 and phenyl isocyanate (Scheme 5.5).

Scheme 5.5: Activation of small molecules using geminal FLP’s using group 14 Lewis
acid centres.
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Another strategy typically used in group 14 FLP chemistry is the use of cationic
group 14 Lewis acids as part of an intermolecular FLP. The use of both silylium Lewis
acids17 or the trialkylstannylium Lewis acid, iPr3SnOTf, have been reported.18 iPr3SnOTf
combined with the nitrogen Lewis bases, DABCO, 2,6-lutidine (lut) and collidine, were
tested for FLP reactivity. Notably, the activation of dihydrogen was observed by 1H
NMR spectroscopy. iPr3SnOTf in combination with various bulky bases were also used
as a FLP catalyst in the hydrogenation of a series of imines, ketones and aldehydes
(Scheme 5.6).17

Scheme 5.6: Catalytic hydrogenation of an imine using a Sn/N FLP.
The use of bis(catecholato)silanes as the Lewis acid component in frustrated
Lewis pairs has recently been reported.19 Due to the ability of the bis(catecholato)silanes
to bind two Lewis bases (abbreviated as Si(catX)2(donor)2), the use of bidentate N,N and
N,P ligands as the donors was explored. For example, FLP 5.4 can be synthesized easily
by exchange of the sulfolane ligands of Si(catCl)2(sulfolane)2 with one equivalent of the
N,P bidentate Lewis base (Scheme 5.7). While minimal steric bulk is present on the
bidentate Lewis base, binding both Lewis basic sites leads to a strained 4-membered ring,
and thus, invokes a geometrically-constrained frustrated Lewis pair. The reactivity of
FLP 5.4 is showcased in the activation of p-tolualdehyde and paraformaldehyde yielding
zwitterions 5.5, and 5.6.19 Furthermore, FLP 5.4 can be used as a catalyst in the
dehydrocoupling of dimethylamine borane.19
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Scheme 5.7: Bis(catecholato)silanes in combination with bidentate Lewis bases as FLP’s.
Expanding on the bis(catecholato) scaffold, Greb and coworkers recently reported
the incorporation of ortho-aminophenol substituents (which will be abbreviated as
amXphX, where X denotes the substituents on the aminophenol) instead of catechol
substituents for silicon Lewis acids, as illustrated in the Lewis acid Si(amFphF)2 (Scheme
5.8).20 There are two advantages to using the aminophenol ligands. First, the nitrogen
centres can be substituted with an additional aryl ring providing more steric bulk around
the Lewis acid centre. Secondly, unlike the bis(catecholato)silanes, Si(amFphF)2 exists
without a weakly bound donor ligand. Evidently, the lone pair on the nitrogen of the
aminophenol ligand can stabilize the Lewis acidic silicon centre sufficiently. The
cleavage of dihydrogen was attempted using Si(amFphF)2 and a series of Lewis bases.
When PtBu3, tetramethylpiperidine (tmp), or di-tert-butylpyridine (pytBu2) were used as
bulky Lewis bases, no hydrogen activation was observed. Using N,N’-diisopropyl-N”ethylamine (DIPEA) as the Lewis base, the formation of half an equivalent of the
hydridosilicate complex 5.7 was observed without exposure to dihydrogen. Instead,
dehydrogenation of DIPEA occurs breaking the C-H bond of one of the alkyl substituents
forming a Si-H bond and a Si-C bond. The NHC, 1,3-di-tert-butyl-1,3-imidazol-2-ylidine
(ItBu), also reacted with Si(amFphF)2 in the absence of dihydrogen forming the abnormal
NHC adduct 5.8. Finally, dihydrogen cleavage was achieved using 1,2,2,6,6pentamethylpiperidine (pmp) and Si(amFphF)2. In equimolar amounts of Lewis acid and
base, the reaction required an elevated temperature of 115 °C and long reaction times (2
days) to give a 45% yield of 5.9 and only a 64% yield after 8 days. Increasing the amount
of pmp to 100 eq. the reaction proceeded at room temperature, although only a yield of
13% was achieved after 20 hours. Increasing the temperature slightly, to 40 °C, a yield of
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71% was obtained after 7 days. Thus, the first activation of H2 by a tetrahedral silicon
compound was achieved.

Scheme 5.8: Reactivity of Si(amFphF)2 with various bulky bases.
To further understand the energetics of the hydrogen activation, the Gibbs free
energy values of the intermediates involved in Lewis acid-base adduct formation were
analyzed using DFT calculations (Table 5.1). Notably, the formation of the Lewis
adducts between Si(amFphF)2 and PtBu3, tmp, DIPEA, and ItBu were found to be
exergonic (Table 5.1, Entries 1-4). For pytBu2, an optimized geometry for the Lewis
adduct could not be located. The only Lewis base that had an endergonic Lewis adduct
formation was pmp, which is also the only Lewis base tested that achieved FLP
dihydrogen activation with Si(amFphF)2 (Table 5.1, Entry 5).
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Table 5.1: Calculated Gibbs free energies of formation for Lewis acid-base adduct
formation.

Entry Lewis Base ΔG (kJ/mol)a
1

PtBu3

-20.7

2

tmp

-31.5

3

DIPEA

-6.5

4

ItBu

-42.7

5

pmp

3.8

a) = DLPNO-CCSD(T)/aug-cc-pVQZ//PBE0-D3(BJ)/def2-TZVPP

5.1.4 Project Goal
One of the common methods to generate an FLP is to introduce a bulky base to a
bulky Lewis acid in situ. Sufficient steric bulk is required either to completely prevent
Lewis acid-base adduct formation or to allow a weak hemilabile interaction between the
Lewis acid and base. The use of sterically encumbered monodentate Lewis bases, such
bulky amines or phosphines, with bis(catecholato)germanes has not been explored. The
goal of this project was to explore the synthesis of frustrated Lewis pairs composed of
bis(catecholato)germanes and monodentate bulky Lewis bases and to explore the
activation of small molecules and the use of these FLPs as catalysts. The structure and
relative energies of the Lewis acid-base pairs were explored computationally to assess the
strength of the interaction and the reactivity of the complexes.

5.2 Results and Discussion
To gather insight on the steric bulk required to generate a frustrated Lewis pair
using bis(catecholato)germanes as the Lewis acid component, the interaction between
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bis(catecholato)germanes and a variety of bulky bases was examined in the absence of
any substrate.

5.2.1 Synthesis of Lewis Acid-Base Adducts
The Baines group has shown that the pyridine ligands of Ge(dtbc)2(py)2 can be
exchanged with other amines such as triethylamine.21 When Ge(dtbc)2(py)2 is stirred in
an excess of triethylamine and then the volatiles are removed, the desired
Ge(dtbc)2(NEt3)2 is obtained. The ligand exchange strategy was applied with the bulkier
Lewis base, 2,6-lutidine (lut). To explore this as a potential synthetic route,
Ge(dtbc)2(py)2 was dissolved in 250 eq. of 2,6-lutidine and allowed to stir overnight
(Scheme 5.9). Vacuum distillation of the reaction mixture to remove volatiles yielded a
brown powder. The 1H NMR spectrum of the brown powder revealed that the signals
from the 3,5-di-tert-butyl catecholato fragment of Ge(dtbc)2(py)2 (1.18, 1.40, 6.50, and
6.78 ppm) had disappeared and new signals at 1.22, 1.37, 6.56, and 6.66 were present and
assigned to the 3,5-di-tert-butyl catecholato fragment of the product. Furthermore, the
signals from the pyridine moiety of Ge(dtbc)2(py)2 were no longer present. Signals at
7.75, 7.14 and a signal at 2.58 ppm were observed and assigned to the 2,6-lutidine
fragment. Integration of the 1H signals revealed a 1:1 ratio between the catecholato and
lutidine fragments. Notably, these signals are shifted from those of free 2,6-lutidine
(Figure 5.2). To further identify the product, ESI-MS was performed. A cluster of signals
consistent with the formula C42H61GeN2O5 was observed at m/z 743.3836 corresponding
to the exact mass of Ge(dtbc)2(lut)2 + H3O+. No signals were observed corresponding to
Ge(dtbc)2(lut) or Ge(dtbc)2(lut)2 with either a H+ or a Na+. The mass spectrum result
suggests the incorporation of water into the structure.

Scheme 5.9: Reaction of Ge(dtbc)2(py)2 with excess 2,6-lutidine.
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Figure 5.2: 1H NMR spectra stack (600 MHz) of Ge(dtbc)2(py)2 and Ge(dtbc)2(lut)2 in
CDCl3.
Attempts to grow single crystals suitable for X-ray crystallography resulted in a
clear, colourless crystal that was, surprisingly, identified as Ge(dtbc)2(py)2. Based on the
lack of any signals in the 1H NMR spectrum of the product corresponding to the pyridine
adduct, the signals observed corresponding to lutidine and the small number of crystals
formed, it is proposed that Ge(dtbc)2(py)2 is a minor component in the product mixture;
however, the pyridine adduct preferentially crystallized. Evidently, Ge(dtbc)2(py)2 is
present even after ligand exchange reaction with a substantial excess of 2,6-lutidine (250
eq.). Nevertheless, the 1H NMR spectrum of Ge(dtbc)2(lut)2 provides strong evidence that
a Lewis adduct is formed. Since pyridine has similar basicity to 2,6-lutidine which may
explain the presence of Ge(dtbc)2(py)2 in the mixture, the starting material was changed
to the THF-ligated complexes because THF is less basic (Donor Number, DN = 20) than
the bulky base that is to be installed (For comparison: pyridine, DN = 33.1).
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The reactions of bis(catecholato)germanes, Ge(dtbc)2(THF)2. Ge(catCl)2(THF)2,
and

Ge(catBr)2(THF)2,

butylphosphine were

with

2,6-lutidine,

explored. Due to

bis(catecholato)germanes,

the

2,6-di-tert-butylpyridine,
the insolubility of the

experiments

involving

and

tri-tert-

halogenated

Ge(catCl)2(THF)2,

or

Ge(catBr)2(THF)2 with either 2,6-lutidine or 2,6-di-tert-butylpyridine resulted in white
insoluble powders which could not be characterized using solution-based methods such
as NMR spectroscopy and ESI-MS.
The reaction of Ge(dtbc)2(THF)2 and 2,6-lutidine in DCM was performed and the
resulting crude mixture was analyzed by 1H NMR spectroscopy which revealed a mixture
of products in solution. The resulting mixture was placed in an NMR tube and layered
with hexanes which lead to the formation of several single crystals suitable for X-ray
crystallography. The molecular structure of the crystal was determined to be [HLut][Ge(dtbc)2Cl] (Figure 5.3). The most reasonable source of chlorine is either from
unreacted GeCl2•diox from the synthesis of Ge(dtbc)2(THF)2 or the solvent,
dichloromethane. To eliminate dichloromethane as a potential source of chlorine, the
reaction was performed in toluene.
The reaction of Ge(dtbc)2(THF)2 with one equivalent of lutidine in toluene
resulted in a yellowish-green reaction mixture. Removal of the volatiles and
crystallization of the off-white solid in hexanes yielded a white precipitate and a green
mother liquor. 1H NMR spectroscopy of the green mother liquor in C6D6 revealed broad
signals for the lutidine component at 6.47, 5.99, and 2.68 ppm, and signals for the
catecholato component at 7.26, 7.06, 1.61, 1.33 ppm in a ratio of 1:2 suggesting the
structure: Ge(dtbc)2(Lut) (Figure 5.4 and Scheme 5.10). ESI-MS was performed in
acetonitrile and revealed a signal in positive ion mode at m/z 662.2891 which is assigned
to Ge(dtbc)2(Lut) + ACN + H+, in which an equivalent of ACN, used as the carrier
solvent, was incorporated into the mass of the fragment. These results are consistent with
the formation of a Lewis adduct between Ge(dtbc)2 and 2,6-lutidine. However, the
broadness of the 1H signals for the lutidine component is indicative of a dynamic process
in solution which might suggest lability of the lutidine in Ge(dtbc)2(Lut).
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Figure 5.3: Thermal ellipsoid plot of [Ge(3,5-dtbc)2Cl]- showing naming and numbering
scheme. Ellipsoids are at the 50% probability level and hydrogen atoms and cation were
omitted for clarity. Selected bond lengths (Å) and angles (°): Ge1-O1 =18322(12), Ge1O2 = 1.8585(13), Ge1-O3 = 1.8416(12), Ge1-O4 = 1.8261(13), Ge1-Cl1 = 2.1755(7);
O1-Ge1-O3 = 153.96(6), O1-Ge1-O4 = 87.37(6), O1-Ge-Cl1 = 101.95(5).

Figure 5.4: 1H NMR (400 MHz, C6D6) spectrum of Ge(dtbc)2(lut)
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Scheme 5.10: Reaction of Ge(dtbc)2(THF)2 with 2,6-lutidine.
Attempts to grow crystals under an inert atmosphere were unsuccessful. However,
when an NMR tube of Ge(dtbc)2(lut) in C6D6 was exposed to air/moisture, crystals
suitable for X-ray crystallography were obtained (Figure 5.5). The molecular structure
shows the coordination of water to the bis(catecholato)germane core, displacing the
lutidine. While no hydrogens from the water molecule were found in the difference map,
hydrogen bonding was inferred from the distance between O1-N1 2.610 Å and the bond
angles. One of the hydrogens of the water molecule is participating in hydrogen bonding
with the nitrogen centre of lutidine. The formation of the water adduct highlights the
moisture sensitivity of the Ge(dtbc)2(lut) which is in contrast to the water-stable
Ge(dtbc)2(py)2 derivative (Scheme 5.11). Furthermore, the formation of the water adduct
highlights the lability of the Ge-N bond between the Ge(dtbc)2 and the lutidine fragments
which shows potential to achieve the free Lewis acid and base in solution.

Scheme 5.11: Addition of water to Ge(dtbc)2(lut).
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Figure 5.5: Thermal ellipsoid plot of Ge(3,5-dtbc)2OH2--lut, with a C6D6 solvent
molecule showing naming and numbering scheme. Ellipsoids are at the 50% probability
level and hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles
(°): Ge1-O1 = 1.788(8), Ge1-O2 = 1.811(7), Ge1-O3 = 1.854(6), Ge1-O4 = 1.871(7),
Ge1-O5 = 1.825(7); O2-Ge1-O5 = 129.6(4), O3-Ge1-O4 =170.1(4).
Similar to the reaction with Ge(dtbc)2(THF)2 and 2,6-lutidine, the reaction of
Ge(dtbc)2(THF)2 with one equivalent of PtBu3 was attempted in both DCM and toluene
(Scheme 5.12). When the reaction was performed in DCM, several signals in the 31P{1H}
NMR spectrum of the reaction mixture were observed consistent with the reported results
of the reaction of PtBu3 with Si(amFphF)2 using DCM as a solvent; decomposition to
multiple products was reported.20 Notably, the reaction in toluene was cleaner as evident
by
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P{1H} NMR spectroscopy. Removal of volatiles yielded a white powder. The 1H

NMR spectrum of the white powder revealed a change in the 1H chemical shifts assigned
to the catecholato- and phosphine moieties. The signals at 1.38, 1.66, 7.02 and 7.15 ppm
in the 1H NMR spectrum were assigned to the catecholato ligands while the doublet with
a J coupling of 2.1 Hz at 1.22 ppm was assigned to the phosphine. The two components
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are present in a 1:1 ratio. 31P{1H} NMR spectrum of the white powder revealed a signal
at 53.0 ppm which is similar in shift to that observed in the reaction of PtBu3 with
Si(amFphF)2 (56 ppm in CD2Cl2).20 Based on the similar chemical shifts of the
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P{1H}

signals to those obtained in the reaction with Si(amFphF)2 the formation of the Lewis
adduct Ge(dtbc)2(PtBu3) is proposed.

Scheme 5.12: Reaction of Ge(dtbc)2(THF)2 with tri-tert-butylphosphine.
The

halogenated

bis(catecholato)germanes,

Ge(catCl)2(THF)2

and

Ge(catBr)2(THF)2, were also reacted with PtBu3. One equivalent of PtBu3 was added to a
suspension of the insoluble Ge(catCl)2(THF)2 or Ge(catBr)2(THF)2 in toluene. As the
phosphine was added, dissolution of the suspended Ge(catCl)2(THF)2 or Ge(catBr)2(THF)2
was observed. After removal of the solvent, a white solid was obtained. The 1H NMR
spectrum of the solid derived from Ge(catCl)2(THF)2 revealed a doublet at 1.28 ppm and
the
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P{1H} NMR spectrum showed a single singlet at 62.1 ppm, downfield from free

PtBu3 at 56.7 ppm. For the brominated derivative, a doublet at 0.79 ppm in the 1H NMR
spectrum and a signal at 53.02 ppm in the 31P{1H} NMR spectrum was observed. These
chemical shifts are consistent with those obtained from the reactions of Ge(dtbc)2 and
Si(amFphF)2 with PtBu3.20
Similar to the reactions of Ge(dtbc)2(THF)2 and the reported reaction with
Si(amFphF)2 with PtBu3 in DCM,20 the reactions between either Ge(catCl)2(THF)2 or
Ge(catBr)2(THF)2 with PtBu3 in DCM resulted in multiple signals in the

31

P{1H} NMR

spectrum. Single crystals were obtained from the crude reaction mixture derived from
Ge(catCl)2(THF)2 and PtBu3 in DCM, by layering hexanes on the crude product mixture in
an NMR tube. The molecular structure of the crystals revealed the formation of [ClPtBu3]2[Ge(catCl)2Cl2] (Figure 5.6). The most plausible source for the additional chlorine
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atoms is the solvent, DCM, or potentially, unreacted GeCl2•diox from the synthesis of
Ge(catCl)2(ACN)2. Interestingly, when the bis(catecholato)germanes are reacted with an
equivalent of NBu4Cl,22 the pentacoordinated Ge(catX)2Cl- complex was formed and not
the di-chloride species which indicates that the chloride source is present in significant
amounts. Single crystals suitable for X-ray crystallography were also grown from the
crude reaction mixture of Ge(catBr)2(THF)2 and PtBu3 in CD2Cl2 upon slow exposure to
air/moisture. The molecular structure revealed the oxo-bridged dianion [Ge(catBr)2-OGe(catBr)2]2-, with two [H-PtBu3]+ countercations. The formation of the oxo-bridged
structure is likely from the addition of water, illustrating the water sensitivity of these
Lewis adducts. Once again, these crystal structures illustrate the lability of the bulky
donors which demonstrates the potential for these adducts to be used as FLPs.
The reactivity of bis(catecholato)germanes with weakly bound donors with 2,6lutidine and tri-tert-butylphosphine resulted in noticeable changes in the 1H NMR spectra
and, where applicable, the 31P{1H} NMR spectra of the reaction mixture in comparison to
the two starting materials and is consistent with the formation of Lewis adducts. Some
FLPs show no sign of adduct formation by NMR spectroscopy, such as the FLP derived
from B(C6F5)3 with PtBu3.3 The lack of change in the NMR spectra indicates minimal or
no interaction between the Lewis acid and base due to steric bulk. However, FLP
reactivity can be achieved even when a Lewis adduct is formed. For example, while
borane 5.10 exhibits no change in chemical shift when reacted with PtBu3 (Table 5.2,
Entry 5), when reacted with P(para-tolyl)3, PEt3, PBu3, or PCy3, changes in NMR
chemical shifts are observed (Table 5.2, Entries 1-4).23 However, all five combinations
lead to dihydrogen activation. Notably, the most efficient frustrated Lewis pair was not
the one with PtBu3, but rather the one with PCy3 which was able to achieve higher
conversion to the corresponding hydride salt in less time. The efficiency of the FLP with
5.10 and PCy3 is consistent with calculations which show that PCy3 has the lowest
affinity for the borane out of the tested phosphines.23 As such, even though strong
evidence

for Lewis

adduct

formation

is

present

in

the reactions

of the

bis(catecholato)germanes with bulky Lewis bases, these Lewis adducts should be tested
for FLP reactivity.
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a)

b)

Figure 5.6: a) Thermal ellipsoid plot of [Ge(catCl)2Cl2] showing naming and numbering
scheme. Ellipsoids are at the 50% probability level and the cations and hydrogen atoms
were omitted for clarity. Selected bond lengths (Å) and angles (°): Ge1-O1 = 1.8683(12),
Ge1-O2 = 1.8685(11), Ge1-Cl1 = 2.3419(9), O1-Ge1-O2 = 89.11(4), O1-Ge1-Cl1 =
89.15(4), O2-Ge1-Cl1 = 88.85(3).

b) Thermal ellipsoid plot of [Ge(catBr)2-O-

Ge(catBr)2]2- showing naming and numbering scheme.

Ellipsoids are at the 50%

probability level and hydrogen atoms and cation were omitted for clarity. Selected bond
lengths (Å) and angles (°): Ge1-O1 = 1.833(2), Ge1-O2 = 1.888(2), Ge1-O3 = 1.882(2),
Ge1-O4 = 1.824(2), Ge1-O9 = 1.750(2); O1-Ge1-O3 = 87.31(10), O2-Ge1-O3 =
167.49(10).
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Table 5.2: The change in 31P{1H} chemical shift of various phosphines when in solution
with borane 5.10.

Entry

Phosphine

Δδ 31P{1H} (ppm)

1

P(para-tolyl)3

+22.1

2

PEt3

+57.6

3

PBu3

+64.4

4

PCy3

+29.8

5

PtBu3

+0.0

5.2.2 Attempted Reactivity of FLPs
To test for frustrated Lewis pair-type reactivity from complexes derived from the
bis(catecholato)germanes, a variety of different small molecule activations and catalytic
reactions were attempted. For example, the activation of isocyanates and isothiocyanates
by FLPs generally occurs under mild conditions and yields isolable zwitterions.24
Furthermore, the activation of phenylacetylene has also been reported to yield isolated
intermediates.25 The general method to test FLP reactivity is to generate the FLP in situ
and then add in the substrate of interest. The reactivity of the bis(catecholato)germanes as
FLPs was tested using the in situ method and also by adding the isolated Lewis acid-base
adduct to the reaction mixture containing the substrate (Scheme 5.13).
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Scheme 5.13: The reactivity that will be attempted with the bis(catecholato)germane
FLPs.
Attempts

to

activate

phenyl

isothiocyanate

in

a

solution

containing

bis(catecholato)germanes with weakly bound THF ligands and one equivalent of tri-tertbutylphosphine were performed in CD2Cl2 at room temperature. Even though the 1H and
31

P{1H} NMR spectra of the reactions between bis(catecholato)germanes and PtBu3

showed multiple signals indicative of several products, the test reactions were still
conducted in DCM as it is commonly used as the solvent in FLP chemistry. Both the
bulky Ge(dtbc)2(THF)2 derivative and the Lewis acidic Ge(catBr)2(THF)2 derivative were
tested as the Lewis acid components. The reaction of Ge(dtbc)2(THF)2, PtBu3 and phenyl
isothiocyanate resulted in no visible change to the 1H signals assigned to the phenyl
isothiocyanate moiety by

1

H NMR spectroscopy. Similarly, the reaction of

Ge(catBr)2(THF)2, PtBu3 and phenyl isothiocyanate also showed no change in the 1H
NMR signals for phenyl isothiocyanate. Furthermore, the

31

P{1H} NMR spectra of the

reaction mixtures showed evidence for decomposition as observed in the independent
reactions between the bis(catecholato)germanes and PtBu3.
Since the reaction of bis(catecholato)germanes and Lewis bases in DCM lead to
multiple products, the reaction of phenyl isothiocyanate with the combination of either
Ge(dtbc)2(THF)2 or Ge(catBr)2(THF)2 with PtBu3 in toluene-d8 at 100 °C was attempted.
Once again, no reaction with the phenyl isothiocyanate was observed by 1H NMR
spectroscopy after 24 hours, even at the elevated temperature of 100 °C. To test a bulky
N-donor Lewis base, the activation of phenyl isothiocyanate with either Ge(dtbc)2(THF)2
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or Ge(catBr)2(THF)2 in combination with 2,6-di-tert-butylpyridine was probed. Using both
sets of conditions, CD2Cl2 at rt or toluene-d8 at 100 °C, no reaction was observed.
Phenylacetylene and triethylsilane were also tested for small molecule activation with
bis(catecholato)germanes and bulky Lewis bases. Ge(dtbc)2(THF)2 or Ge(catBr)2(THF)2
with either PtBu3 or 2,6-di-tert-butylpyridine were reacted with phenylacetylene or
triethylsilane on a small scale. Similar to the phenyl isothiocyanate reactions, no change
in the 1H NMR signals of phenylacetylene was observed in either CD2Cl2 at room
temperature or toluene-d8 at 100 °C after 18 hours. The lack of small molecule activation
with the bis(catecholato)germanes and either 2,6-lutidine, 2,6-di-tert-butylpyridine, or
PtBu3 is similar to the lack of dihydrogen activation observed with Si(amFphF)2 and either
PtBu3 or 2,6-di-tert-butylpyridine.19
To further probe the reactivity of these compounds, the hydrosilylation of ptolualdehyde with triethylsilane was attempted with catalytic amounts of both
Ge(catCl)2(ACN)2

and

either

2,6-lutidine,

2,6-di-tert-butylpyridine,

or

tri-tert-

butylphosphine as the Lewis base component (Scheme 5.14). In chapter 3,
bis(catecholato) were shown to catalyze the hydrosilylation of para-tolualdehyde at room
temperature. As such, if the equilibrium, between the Lewis acid-base adduct and the free
Lewis acid and base, is such that free Lewis acid is available then hydrosilylation should
proceed. The catalytic reactions were performed in CD2Cl2 at room temperature and in
toluene-d8 at 100 °C for 24 hours. The resulting 1H NMR spectra revealed no change in
the signals attributed to either para-tolualdehyde or the triethylsilane suggesting that the
formation of a Lewis acid-base adduct inhibits the reaction by preventing coordination
aldehyde to Ge(catCl)2(ACN)2. Thus, the Lewis acidic and Lewis basic sites are
inaccessible in solution which explains the lack of FLP reactivity observed with the
bis(catecholato)germane complexes.
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Scheme

5.14:

The

attempted

hydrosilylation

of

para-tolualdehyde

with

bis(catecholato)germanes and bulky Lewis bases.

5.2.3 Computational Analysis of Lewis Adduct Formation
To gain a deeper understanding of the experimental results for the reactions of
bis(catecholato)germanes with 2,6-lutidine or tri-tert-butylphosphine, the energetics of
ligand association and dissociation were calculated at the BP86 D3(BJ)/def2-SVP//PBEh3c/def2-mSVP level of theory.26 Geometry optimizations of the Lewis adduct
intermediates were performed at the PBEh-3c/def2-mSVP level of theory, chosen
because it is a computationally inexpensive method that is useful for geometry
calculations; however, calculated thermodynamic values obtained at this level of theory
are inaccurate.26g Thus, the optimized geometries were then used in a frequency
calculation at the BP86 D3(BJ)/def2-SVP level of theory to obtain enthalpy and Gibbs
free energy values.26h
The calculated energetics of complexes between the germanium Lewis acid and
2,6-lutidine, 2,6-di-tert-butylpyridine, tri-tert-phosphine, pyridine and acetonitrile are
presented in Table 5.3. Ge(catBr)2 was chosen for the calculation as Ge(catBr)2 is the most
Lewis acidic.22 Starting from the ‘naked’ bis(perbromocatecholato)germane, the
association of the first donor, via reaction 1, is endergonic for all tested bases (Table 5.3).
Notably, the association is most favoured for the coordination of tri-tert-butylphosphine
(Table 5.3, Entry 1). While ~50 kJ/mol less favoured than tri-tert-butylphosphine, the
association of 2,6-lutidine and pyridine (Table 5.3, Entries 3-4) are similar in Gibbs free
energy values (95-97 kJ/mol). For 2,6-di-tert-butylpyridine, an optimized geometry for
the Lewis adduct could not be located, presumably due to the increased steric bulk (Table
5.3, Entry 2). Finally, acetonitrile, while energetically favoured is the least favoured of
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the tested donors (Table 5.3, Entry 5) due to the weaker donor ability of acetonitrile
compared to the other bases. The main difference between the bulky bases, pyridine and
acetonitrile was observed with the association of the second equivalent of donor (reaction
2). The association of the weaker donor and less bulky acetonitrile is energetically
favoured, consistent with the room temperature synthesis of acetonitrile-ligated
bis(catecholato)germanes and -silanes. The association of the second equivalent of
pyridine is exergonic. Notably, the geometry of bis(perbromocatecholato)germane with
two

equivalents

of

either

2,6-lutidine,

2,6-di-tert-butylpyridine,

and

tri-tert-

butylphosphine, did not converge to the structure with two equivalents of donors
coordinated, even after multiple attempts. Instead, as the optimization progressed for 2,6di-tert-butylpyridine and tri-tert-butylphosphine, the second equivalent of donor moved
away from the germanium core to give what appears to be to the mono-donor structure
with an equivalent of free donor. An optimized structure was obtained for 2,6-lutidine;
however, the structure obtained was not consistent with the coordination of two
equivalents of 2,6-lutidine through the nitrogen atoms to the germanium. Instead, the
second equivalent of 2,6-lutidine appears to π-stack with one of the catechol rings. Full
dissociation of both weak donors of Ge(catBr)2(ACN)2 to generate the ‘naked’ Ge(catBr)2
is not energetically favoured,27 and thus, the energetics of association of one equivalent
of bulky base to the mono-donor adduct, Ge(catBr)2(ACN), were calculated (Table 5.4).
Notably, the association of 2,6-lutidine and pyridine to the mono-ACN adduct have
similar ΔG values, within 10 kJ/mol, compared to the association to the donorless
Ge(catBr)2 (Table 5.4, Entries 3,4). An optimized geometry could not be located for PtBu3
and 2,6-di-tert-butylpyridine.
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Table 5.3: Energetics of ligand association of various Lewis bases with Ge(catBr)2.

Entry Donor ΔG Reaction 1 (kJ/mol)a ΔG Reaction 2 (kJ/mol)a
1

PtBu3

-143.20

-

2

pytBu2

-

-

3

lut

-95.18

-

4

py

-96.62

+65.71

5

ACN

-4.40

-29.57

a) = BP86 D3(BJ)/def2-SVP//PBEh-3c/def2-mSVP

The formation of Lewis adducts with bis(catecholato)germanes is favourable. The
association of at least one bulky base is favourable for all Lewis bases examined.
Comparing the calculated energetics of adduct formation, the reaction between
Si(amFphF)2 and PtBu3 has a calculated ΔG of -20.7 kJ/mol,19 while the reaction between
Ge(catBr)2 and PtBu3 has a calculated ΔG of -143.2 kJ/mol. The increased steric bulk of
the extra aryl group on the nitrogen of Si(amFphF)2 evidently makes adduct formation
with PtBu3 less favoured than with Ge(catBr)2; however, the reaction is still exergonic.
The only FLP combination with Si(amFphF)2 as the Lewis acid to achieve dihydrogen
activation was with pmp, which was also the only Lewis base that had an endergonic
change in energy upon Lewis adduct formation (ΔG of +3.8 kJ/mol). The calculated
values for the reaction between Ge(catBr)2 and 2,6-lutidine, 2,6-di-tert-butylpyridine, tritert-phosphine, pyridine and acetonitrile, were all exergonic, which is consistent with the
lack of reactivity seen with the bis(catecholato)germanes as FLPs.
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Table 5.4: Energetics of the association of different Lewis bases to Ge(catBr)2(ACN)

Entry Donor ΔG (kJ/mol)a
1

PtBu3

-

2

pytBu2

-

3

lut

-94.71

4

py

-105.20

5

ACN

-29.57

a) = BP86 D3(BJ)/def2-SVP//PBEh-3c/def2-mSVP

5.3 Conclusion
Bis(catecholato)germanes were tested as potential Lewis acid components for
FLP chemistry. Reactivity studies with the bis(catecholato)germanes and bulky Lewis
bases, 2,6-lutidine and PtBu3, revealed the formation of Lewis adducts. Small molecule
activation and catalysis was attempted with bis(catecholato)germane FLPs but were
unsuccessful. Computational calculations revealed that the formation of Lewis adducts
was energetically favoured even with the use of bulky Lewis bases. Overall, the favoured
formation of Lewis adducts with the investigated Lewis bases inhibits the use of
bis(catecholato)germanes as Lewis acid components for these specific FLPs. While the
bis(catecholato)germanes were not effective in FLPs when using monodentate bulky
Lewis bases, the recent reports of bidentate Lewis bases with bis(catecholato)silanes and
the use of aminophenol ligands with silicon show there is still potential for
bis(catecholato)germane FLPs for further studies in FLP chemistry.
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5.4 Experimental
5.4.1 General Experimental
All reactions were conducted under a nitrogen atmosphere using an MBraun
Labmaster 130 glovebox. Solvents and reagents were purified by standard methods.19
NMR data were obtained on a 600 MHz INOVA, 400 MHz INOVA or a 400 MHz
Bruker Avance III NMR spectrometer. The standards used were as follows: residual
C6D5H (7.16 ppm), CHDCl2 (5.32 ppm), toluene-d7 (2.09 ppm) relative to TMS for 1H
NMR spectra; CDCl3 (77.16 ppm) for 13C NMR spectra; J values are reported in Hertz.

5.4.2 Ligand Exchange Reactions from Ge(dtbc)2(py)2
The reaction followed a similar procedure as described for the synthesis of
Ge(dtbc)2(NEt3)2.21 To Ge(dtbc)2(py)2 (0.25g, 0.37 mmol) was added 2,6-lutidine (11 mL,
93.08 mmol). The white solid suspended in a light brown solution was allowed to stir
neat overnight before drying in vacuo while heating.
Ge(dtbc)2(Lut)2: 68% Yield; 1H NMR (400 MHz, CDCl3): δ 7.75 (t, 2H), 7.14 (d, 4H),
6.65 (d, 2H), 6.56 (br, 2H), 2.58 (s, 12H), 1.37 (s, 18H), 1.21 (s, 18H); ESI-MS (positive
ion mode): m/z calcd for Ge(dtbc)2(Lut)2 + H3O+ 743.3836; found C42H61GeN2O5
743.3823.

5.4.3 Ligand Exchange Reactions from Bis(catecholato)germanes
with weak donors
To a solution of either Ge(dtbc)2(THF)2, Ge(catCl)2(THF)2, or Ge(catBr)2(THF)2 (0.12
mmol) in 5 mL of toluene was added one equivalent of either 2,6-lutidine, or tri-tertbutylphosphine (0.12 mmol). The reaction was allowed to stir overnight before the
volatiles were removed in vacuo.
Ge(dtbc)2(Lut): 38% Yield; 1H NMR (400 MHz, C6D6): δ 7.26 (d, J = 2.2 Hz, 2H), 7.06
(d, J = 2.3 Hz, 2H), 6.47 (t, J = 7.7 Hz, 1H), 5.99 (d, J = 7.9 Hz, 2H), 2.36 (br, 6H,), 1.61
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(s, 18H), 1.33 (s, 18H); 13C NMR (101 MHz, C6D6)3: δ 148.1, 143.5, 141.4, 133.7, 123.8,
113.5, 108.6, 35.1, 34.7, 32.1, 30.1; ESI-MS (positive ion mode): m/z calcd for
Ge(dtbc)2(Lut) + ACN + H+ 662.2891; found 662.3240
Ge(dtbc)2(PtBu3): 54% Yield; 1H NMR (400 MHz, C6D6): δ 7.15 (d, J = 2.1 Hz, 2H),
7.02 (d, J = 2.2 Hz, 2H) 1.66 (s, 18 H), 1.38 (s, 18 H), 1.21 (d, J = 13.6 Hz, 27 H);
P{1H} NMR (162 MHz, C6D6): δ 53.2;

31

Ge(catCl)2(PtBu3)2: 96% Yield; 1H NMR (400 MHz, C6D6): δ 1.27 (d, J = 9.7 Hz, 27H);
P{1H} NMR (162 MHz, Solvent): δ 62.1;

31

Ge(catBr)2(PtBu3)2: 78% Yield; 1H NMR (400 MHz, C6D6): δ 0.79 (d, J = 15.4 Hz ,27 H);
P{1H} NMR (162 MHz, C6D6): δ 53.0;

31

5.4.4 Reactivity studies with Bis(catecholato)germanes and Bulky
Bases
To a solution of either Ge(dtbc)2(base)2, where base = 2,6-lutidine, 2,6-di-tertbutylpyridine, or tri-tert-butylphosphine, or Ge(dtbc)2(THF)2 plus an equivalent of bulky
base in either CD2Cl2 or toluene-d8 was added an equivalent of substrate. The reaction
was monitored by NMR spectroscopy.

5.4.5 Catalytic Activity of Ge(catX)2 and Bulky Bases in the
hydrosilylation of p-tolualdehyde
A solution containing p-tolualdehyde (0.2 mmol), triethylsilane (0.2 mmol) and
mesitylene (0.022 mmol) in 0.5 mL of either CD2Cl2 or toluene-d8 was added to a mixture
of bis(catecholato)germane (0.01 mmol) and either 2,6-lutidine, 2,6-di-tert-butylpyridine,
or tri-tert-butylphosphine (0.01 mmol) and transferred to an NMR tube and allowed to
react for 24 hours. Control experiments without catalyst were performed in parallel.
Conversion of substrates to products was determined by integration against mesitylene
(C9H12) as an internal standard. No conversion was observed.

3

Signal for the 2,6-lutidine methyl was not observed in the 13C NMR spectra
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5.4.6 Computational Details
All calculations have been performed with ORCA 4.1.2 and ORCA 4.2.
Geometry optimizations were performed with PBEh-3c/def2-mSVP as implemented in
ORCA, using grid5 settings. All calculated geometries have been confirmed as energetic
minima on the potential energy surface by analytical calculation of harmonic frequencies
at the PBEh-3c level. In case of negative frequencies >10 cm-1, the geometries were
reoptimized with grid6, TightOPT and VeryTightSCF settings. For the fluoride ion
affinities, the optimized geometries were than used to calculate the single point energies
at B3LYP D3(BJ)/def2-TZVPP level of theory using the RIJCOSX approximation and
def2/J as the auxiliary basis set. For the reaction coordinate calculations, the optimized
geometries were used to calculate the thermodynamic values at BP86 D3(BJ)/def2-SVP
level of theory using the RIJCOSX approximation and def2/J as the auxiliary basis set.

5.4.7 X-Ray Crystallography Details
The samples were mounted on a Mitegen polyimide micromount with a small
amount of Paratone N oil. All X-ray measurements were made on a Bruker Kappa Axis
Apex2 diffractometer at a temperature of 110 K. The unit cell dimensions were
determined from a symmetry-constrained fit of 9916 reflections with 5.46° < 2θ < 63.72°.
The data collection strategy was a number of ω and φ scans which collected data up to
67.682° (2θ). The frame integration was performed using SAINT. 28 The resulting raw
data were scaled and absorption corrected using a multi-scan averaging of symmetry
equivalent data using SADABS.29
The structures were solved by using a dual space methodology using the SHELXT
program.30 All non-hydrogen atoms were obtained from the initial solution.

The

hydrogen atoms were introduced at idealized positions and were allowed to ride on the
parent atom. The structural models were fit to the data using full matrix least-squares
based on F2. The calculated structure factors included corrections for anomalous
dispersion from the usual tabulation. The structures were refined using the SHELXL
program from the SHELX suite of crystallographic software.31 Graphic plots were
produced using the Mercury program suite.32
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Chapter 6
6

Conclusions and Future Work

6.1 Summary
The synthesis of multiple bis(catecholato)germanes with a variety of catecholato
ligands and different donor ligands was successful. Two synthetic pathways are possible:
a substitution route using GeCl4 and a substituted catechol or a redox pathway using
GeCl2•dioxane and a substituted quinone (Scheme 6.1). The Lewis acidity of the
bis(catecholato)germanes were assessed by the Gutmann-Beckett method and FIA
calculations.

The

Gutmann-Beckett

method

showed

that

the

halogenated

bis(catecholato)germane derivatives were highly Lewis acidic. Furthermore, the choice of
the halogen substituent (Cl vs. Br) had less of an influence on the Lewis acidity than the
choice of the bound donor ligands (THF vs. ACN). FIA calculations confirmed the high
Lewis acidity of the halogenated bis(catecholato)germanes both with one equivalent of
bound donor ligand or donorless.

Scheme 6.1: Synthesis of bis(catecholato)germanes
With a series of highly Lewis acidic bis(catecholato)germanes in hand, their use
as Lewis acid catalysts was demonstrated in several reactions. The hydrosilylation of
aldehydes was achieved. Notably, the use of electron-deficient aldehydes greatly
improved conversions compared to the conversions achieved using electron-rich
aldehydes.

Ge(catCl)2(ACN)2

is

the

most

efficient

catalyst

among

the

bis(catecholato)germanes as judged using conversion and product selectivity, and ease of

162

synthesis. The hydroboration of phenylacetylene and the Friedel-Crafts alkylation of
diphenylamine with styrene, was also achieved. However, conversions for these reactions
are not as high as those achieved in the hydrosilylation of aldehydes, even after
prolonged periods of reaction. Attempts to hydrosilylate and hydroborate alkenes were
unsuccessful. Styrene and α-methylstyrene were successfully oligomerized using
Ge(catCl)2(ACN)2. For α-methylstyrene, the formation of three dimers (or a 4th trimer
product when DCM was used as the solvent) was observed in different ratios depending
on the catalyst and the additive used in the reaction (Scheme 6.2). Selective formation of
dimer 3.8 was obtained by using Ge(catCl)2(ACN)2 without an additive, while the use of
diethyl

ether

as

an

additive

selectively

gave

rise

to

dimer

3.6.

The

bis(catecholato)germanes are the first main group Lewis acids to give tunable selectivity
in this manner.

Scheme 6.2: Dimerization of α-methylstyrene catalyzed by Ge(catCl)2(ACN)2
Given the success of bis(catecholato)germanes as Lewis acid catalysts, an indepth look into the mechanism of the oligomerization of α-methylstyrene was
undertaken. Variable time normalization rate law studies showed a reactant order of 1.5
for α-methylstyrene. A Hammett analysis revealed an increased reaction rate for electronrich styrenes. The reaction constant was 1.60. DFT calculations revealed that a monodonor ligated bis(catecholato)germane species, Ge(catX)2(donor), is the active catalyst. In
conjunction with the observed rapid conversion of α-methylstyrene to dimer 3.6 and
subsequent consumption of 3.6 to form 3.7 and 3.8, a mechanism was proposed (Scheme
6.3). Compared to other mechanisms by main group catalysts, the mechanism proposed
for the bis(catecholato)germanes features three different intermediates, 4.8, 4.9, and 4.10
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which accounts for the rapid formation of 3.6 and subsequent consumption of 3.6 to form
3.7 and 3.8.

Scheme 6.3: Proposed mechanism for the oligomerization of α-methylstyrene catalyzed
by bis(catecholato)germanes.
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The use of bis(catecholato)germanes as the Lewis acid component in a FLP was
examined. Reaction of the bis(catecholato)germanes with 2,6-lutidine or tri-tertbutylphosphine resulted in a noticeable shift in the 1H NMR signals and, in the case of
PtBu3, the
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P{1H} NMR spectra, suggesting the formation of Lewis adducts. While

crystals of the adducts suitable for X-ray crystallography were not obtained, several
crystals of various different water and chlorine adducts were obtained. Although the
formation of a Lewis adduct was strongly suggested, the formation of water and chloride
adducts suggested the equilibrium did not lie fully to the Lewis adduct. However,
attempted reactions of the bis(catecholato)germanes with the bulky bases to achieve
small molecule activation or catalysis were not successful (Scheme 6.4). DFT
calculations

on

the

thermodynamics

of

the

reactions

between

the

bis(catecholato)germanes and the bulky bases revealed the formation of a Lewis adduct is
favourable. As such, the bis(catecholato)germanes were determined to be not suitable as a
FLP candidate with the bases used in this study.

Scheme 6.4: The formation of Lewis adducts which inhibits FLP reactivity.

6.2 Conclusion
This thesis expanded on the underexplored field of bis(catecholato)germanes,
providing two synthetic routes which can be used to synthesize a variety of derivatives,
showcasing several catalytic applications, highlighting the level of tuneability the
bis(catecholato)germane scaffold provides and providing a mechanistic understanding of
how

bis(catecholato)germanes

function

as

catalysts.

The

potential

of

bis(catecholato)germanes as catalysts is being recognized, as demonstrated with the
recent report on the water-ligated parent catechol derivative, Ge(cat)2(H2O)2 which
showcases the green synthesis of the catalysts and catalytic activity using water as a
solvent.1 The availability and cheaper price of germanium in combination with the ease
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of synthesis and water-tolerability, make bis(catecholato)germanes viable potential
alternatives to expensive transition metal catalysts.

6.3 Future Work
While a variety of bis(catecholato)germanes were synthesized, expanding the
number of derivatives and assessing their Lewis acidity and catalytic activity would
provide a greater understanding of the tunability of the bis(catecholato)- framework. Greb
et al. showed the increased Lewis acidity of Si(catCF3)2(sulfolane)2, compared to the
halogenated derivatives, which also resulted in different reactivity.2 For example when
catalyzing the reaction of para-tolualdehyde with triethylsilane, the perhalogenated
bis(catecholato)silanes and -germanes catalysts form the silylether product while
Si(catCF3)2(sulfolane)2 forms a dibenzyl ether product. As such, a similar synthesis of the
germanium derivative, Ge(catCF3)2(donor)2 may result in increased Lewis acidity and
potentially new reactivity for the germanium catalyst in comparison to the derivatives
explored to date (Chart 6.1). Furthermore, Greb et al. showcased the use of the
aminophenol ligand instead of a catechol ligand in the synthesis of Si(am FphF)2.3 While
Si(amFphF)2 was not tested as a Lewis acid catalyst, the synthesis and catalytic activity of
Ge(amFphF)2

would

be

interesting

to

explore

and

compare

to

the

bis(catecholato)germanes. While the silicon derivatives have been studied extensively,
the use of bis(catecholato)stannanes is relatively unexplored. A complete investigation on
the bis(catecholato)stannanes would provide a valuable comparison to the silicon and
germanium counterparts.

Chart 6.1: Proposed synthetic targets.
An area that the bis(catecholato)germanes show promise for is that of green
chemistry. The mechanochemical ball mill synthesis of Ge(dtbc)2(py)2 provides
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precedence that a similar solvent free synthesis of bis(catecholato)germanes with weak
donor ligands could be achieved and should be explored.4 Furthermore, the use of
Ge(catCl)2(H2O)4 as a Lewis acid catalyst has been reported; however, only two reactions
have been examined.5 Recently, the use of water-ligated complex, Ge(cat)2(H2O)2, has
been shown to be an effective catalyst in Friedel-Crafts alkylations between
benzaldehyde and indole with water as the solvent.1 In line with green chemistry
principles, exploration into the catalytic activity of the water-ligated species would
provide insight into a green catalytic alternative which would not require an organic
solvent for synthesis.
The catalytic applications of the bis(catecholato)germanes can be expanded to
other reactions. Reactions other Lewis acids are known to catalyze could be explored,
such as Diels-Alder reactions, carbonyl-ene reactions, and Mukaiyama aldol
condensations to name a few.6

For example, the use of methyl acrylate, as the

dienophile, can coordinate to a Lewis acid to increase reactivity (Scheme 6.5).7
Furthermore, while the catalytic hydrosilylation of alkenes was unsuccessful using the
bis(catecholato)germanes presented in this thesis, the need for alternative catalysts for
this reaction is critical to the polysiloxane industry. As such further exploration into
tuning the bis(catecholato)germane scaffold, such as altering the substituents on the
catechol ring to CF3 groups and increasing Lewis acidity, in an effort to catalyze the
hydrosilylation of alkenes is warranted.

Scheme 6.5: A Lewis acid catalyzed Diels-Alder reaction illustrating the Lewis acid
coordination with methyl acrylate.
DFT calculations were critical in this study for the elucidation of the mechanism
of catalysis by the bis(catecholato)germanes and to understand the energetics of Lewis
adduct formation with bulky bases. However, only the energies of the postulated
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intermediates were calculated. The transition states along the reaction pathway should
also be calculated to understand the energy barriers involved. Furthermore, calculations
of all species involved in the proposed mechanism of the dimerization of α-methylstyrene
should be performed. These calculations would provide insight into the competitive
coordination of the donor additives, which is proposed to slow the reaction leading to
selective product formation and may be used to find potential candidates for an optimal
additive.
FLPs with Si(catCl)2(sulfolane)28 and Si(amFphF)23 have been reported recently.9
Notably, the use of bidentate donors with Si(catCl)2(sulfolane)2 was necessary to achieve
the activation of small molecules. As such, the use of bidentate donor ligands with
bis(catecholato)germanes should be explored as a viable strategy to achieve the activation
of small molecules through the use of an FLP (Chart 6.2).

Chart 6.2: Proposed FLP involving bis(catecholato)germanes and a bidentate Lewis
base.
Overall, the future of bis(catecholato)germanes is bright. This work presented an
in-depth analysis on the synthesis and use of bis(catecholato)germanes as Lewis acid
catalysts, which is but a stepping stone in advancing the field of germanium Lewis acid
chemistry. With the principles of green chemistry in mind and the high Lewis acidity and
catalytic activity, the bis(catecholato)germanes have to potential to be viable alternative
catalysts. The ability to tune various parts of these catalysts allow for a plethora of
different potential catalysts to be targeted synthetically, and the use of additives
enhancing products selectivity and altering reaction equilibria, provide the handles to
achieve various catalytic applications.
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Appendices
NMR spectra of synthesized compounds.

Appendix A: 1H NMR (CDCl3, 400 MHz) spectrum of Ge(dtbc)2(THF)2.
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Appendix B: 13C{1H} NMR (CDCl3, 101 MHz) spectrum of Ge(dtbc)2(THF)2.

Appendix C: 1H NMR (CDCl3, 400 MHz) spectrum of Ge(dtbc)2(ACN)2.
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Appendix D: 1H NMR (CDCl3, 400 MHz) spectrum of [NBu4][Ge(dtbc)2Cl].

Appendix E: 1H NMR (CDCl3, 400 MHz) spectrum of [NBu4][Ge(catCl)2Cl].

172

Appendix F: 1H NMR (CDCl3, 400 MHz) spectrum of [NBu4][Ge(catBr)2Cl].
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Appendix G: 31P{1H} NMR (CH2Cl2, 162 MHz) stacked spectrum of the GutmannBeckett analysis performed with sub-stoichiometric amounts of triethylphosphine oxide
on the halogenated bis(catecholato)germanes.
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Appendix H: 31P{1H} NMR (162 MHz, CD2Cl2) stacked spectrum of the GutmannBeckett analysis performed with sub-stoichiometric amounts of triethylphosphine oxide
on the 3,5-di-tert-butyl bis(catecholato)germanes. In each case, the signal is assigned to
Ge(3,5-dtbc)2(OPEt3).
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Appendix I: 31P{1H} NMR (162 MHz in CD2Cl2) stacked spectra of Ge(3,5dtbc)2(THF)2 and various equivalents of triethylphosphine oxide
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Appendix J: 13C{1H} NMR (101 MHz in CD2Cl2) stacked spectra of Ge(3,5dtbc)2(THF)2 and various equivalents of triethylphosphine oxide
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Appendix K: 1H NMR (400 MHz in CD2Cl2) stacked spectra of Ge(catCl)2(THF)2 and
various equivalents of triethylphosphine oxide
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Appendix L: 13C{1H} NMR (C6D6, 101 MHz) spectrum of Ge(dtbc)2(lut).
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Appendix M: 1H NMR (C6D6, 400 MHz) spectrum of Ge(dtbc)2(PtBu3).

Appendix N: 31P{1H} NMR (C6D6, 162 MHz) spectrum of Ge(dtbc)2(PtBu3).
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Appendix O: 1H NMR (C6D6, 400 MHz) spectrum of Ge(catCl)2(PtBu3).

Appendix P: 31P{1H} NMR (C6D6, 162 MHz) spectrum of Ge(catCl)2(PtBu3).
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Appendix Q: 1H NMR (C6D6, 400 MHz) spectrum of Ge(catBr)2(PtBu3).

Appendix R: 31P{1H} NMR (C6D6, 162 MHz) spectrum of Ge(catCl)2(PtBu3).
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X-Ray Crystallography Details
Appendix S: Summary of Crystal Data for Ge(dtbc)2(THF)2, [NBu4][Ge(catBr)2Cl], and
Ge(dtbc)2(OPEt3)2.
Formula

C36H56GeO6

C28H36Br8ClGeNO4

C40H70GeO6P2

CCDC

2090115

2090116

2090117

Formula Weight (g/mol)

657.39

1197.90

781.49

Crystal Dimensions
mm )

0.294 × 0.153 × 0.043

0.354 × 0.340 × 0.144

0.373 × 0.229 × 0.167

Crystal Colour and
Habit

colourless plate

colourless prism

colourless prism

Crystal System

monoclinic

triclinic

triclinic

Space Group

P 21/c

P -1

P -1

Temperature, K

110

223

110

a, Å

7.091(2)

9.864(5)

8.012(3)

b, Å

18.355(5)

11.942(6)

9.945(4)

c, Å

12.889(5)

16.473(7)

14.528(6)

a,°

90

84.984(10)

109.138(11)

b,°

94.130(14)

88.202(8)

92.133(9)

g,°

90

73.534(13)

95.396(13)

V, Å3

1673.2(9)

1853.6(16)

1085.9(8)

Number of reflections
to determine final unit
cell

9916

9198

9440

Min and Max 2q for cell
determination, °

5.46, 63.72

4.76, 60.9

6.04, 74.58

Z

2

2

1

F(000)

704

1144

420

r (g/cm)

1.305

2.146

1.195

l, Å, (MoKa)

0.71073

0.71073

0.71073

m, (cm-1)

0.959

9.554

0.819

Diffractometer Type

Bruker Kappa Axis
Apex2

Bruker Kappa Axis
Apex2

Bruker Kappa Axis
Apex2

Scan Type(s)

phi and omega scans

phi and omega scans

phi and omega scans

Max 2q for data
collection, °

67.682

61.112

84.336

Measured fraction of
data

0.999

0.999

0.998
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Number of reflections
measured

56754

112781

125120

Unique reflections
measured

6714

11316

15267

Rmerge

0.0652

0.0456

0.0385

Number of reflections
included in refinement

6714

11316

15267

Cut off Threshold
Expression

I > 2sigma(I)

I > 2sigma(I)

I > 2sigma(I)

Structure refined using

full matrix least-squares
using F2

full matrix least-squares
using F2

full matrix least-squares
using F2

Weighting Scheme

w=1/[sigma2(Fo2)+(0.04
58P)2+1.9778P] where
P=(Fo2+2Fc2)/3

w=1/[sigma2(Fo2)+(0.0
219P)2+1.5099P] where
P=(Fo2+2Fc2)/3

w=1/[sigma2(Fo2)+(0.03
99P)2+0.0621P] where
P=(Fo2+2Fc2)/3

Number of parameters
in least-squares

202

392

232

R1

0.0487

0.0275

0.0269

wR2

0.1103

0.0518

0.0700

R1 (all data)

0.0718

0.0462

0.0362

wR2 (all data)

0.1195

0.0571

0.0733

GOF

1.045

1.033

1.045

Maximum shift/error

0.000

0.002

0.001

Min & Max peak
heights on final DF Map
(e-/Å3)

-0.678, 2.679

-0.928, 0.941

-0.323, 0.687

Where:
R1 = ( |Fo| - |Fc| ) /  Fo
wR2 = [ ( w( Fo2 - Fc2 )2 ) / (w Fo4 ) ]½
GOF = [ ( w( Fo2 - Fc2 )2 ) / (No. of reflns. - No. of params. ) ]½
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Appendix T: Summary of Crystal Data for [H-lut][Ge(dtbc)2Cl], Ge(dtbc)2(H2O)—lut,
2[Cl-PtBu3][Ge(catCl)2Cl2], Ge(catBr)2-O- Ge(catBr)2.
Formula

C35H50ClGeNO4

C41H57GeNO5

C40H62.70Cl18.70Ge
O5.30P2

C50H60Br16Cl4Ge2
O9P2

Formula Weight
(g/mol)

656.80

716.46

1425.84

2432.46

Crystal
Dimensions mm )

0.344 × 0.130 ×
0.082

0.355 × 0.308 ×
0.098

0.269 × 0.229 ×
0.164

0.227 × 0.120 ×
0.117

Crystal Colour
and Habit

colourless prism

colourless plate

colourless prism

colourless prism

Crystal System

monoclinic

tetragonal

monoclinic

monoclinic

Space Group

P 21/c

I 41/a

P 21/n

P 21/c

Temperature, K

110

110

110

110

a, Å

10.187(2)

18.223(6)

12.120(4)

17.226(7)

b, Å

11.949(3)

18.223

20.154(8)

19.954(9)

c, Å

32.214(6)

59.78(2)

12.462(4)

21.109(10)

a,°

90

90

90

90

b,°

98.339(7)

90

90.660(10)

90.49(2)

90

90

90

90

3879.8(15)

19854(16)

3043.8(19)

7255(6)

Number of
reflections to
determine final
unit cell

9305

9996

9845

9988

Min and Max 2q
for cell
determination, °

5.28, 55.1

5.04, 35.6

5.14, 59.58

4.94, 48.52

Z

4

16

2

4

F(000)

1392

6112

1450

4616

r (g/cm)

1.124

0.959

1.556

2.227

l, Å, (MoKa)

0.71073

0.71073

0.71073

0.71073

m, (cm-1)

0.891

0.650

1.416

9.879

Diffractometer
Type

Bruker Kappa
Axis Apex2

Bruker Kappa
Axis Apex2

Bruker Kappa Axis
Apex2

Bruker Kappa Axis
Apex2

Scan Type(s)

phi and omega
scans

phi and omega
scans

phi and omega
scans

phi and omega
scans

Max 2q for data
collection, °

57.524

36.054

66.328

49.486

Measured fraction
of data

0.999

0.996

0.999

0.998

g,°
V, Å

3
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Number of
reflections
measured

159113

91105

179625

12383

Unique reflections
measured

10039

3418

11613

12383

Rmerge

0.0869

0.1099

0.0539

0.1071

Number of
reflections
included in
refinement

10039

3418

11613

12383

Cut off Threshold
Expression

I > 2sigma(I)

I > 2sigma(I)

I > 2sigma(I)

I > 2sigma(I)

Structure refined
using

full matrix leastsquares using F2

full matrix leastsquares using F2

full matrix leastsquares using F2

full matrix leastsquares using F2

Weighting Scheme

w=1/[sigma2(Fo2)
+(0.0296P)2+3.57
45P] where
P=(Fo2+2Fc2)/3

w=1/[sigma2(Fo2)
+(0.0481P)2+252.
2379P] where
P=(Fo2+2Fc2)/3

w=1/[sigma2(Fo2)+
(0.0386P)2+1.9221
P] where
P=(Fo2+2Fc2)/3

w=1/[sigma2(Fo2)+
(0.0185P)2+5.1223
P] where
P=(Fo2+2Fc2)/3

Number of
parameters in
least-squares

418

434

388

774

R1

0.0367

0.0823

0.0334

0.0259

wR2

0.0810

0.1894

0.0791

0.0459

R1 (all data)

0.0507

0.0931

0.0482

0.0388

wR2 (all data)

0.0866

0.1966

0.0859

0.0487

GOF

1.031

1.172

1.025

1.066

Maximum
shift/error

0.004

0.001

0.002

0.002

Min & Max peak
heights on final DF
Map (e-/Å3)

-0.465, 0.388

-0.353, 0.474

-0.863, 0.770

-0.595, 0.703
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A.3 Computational Data
Appendix U: The anchor point data used in the determination of FIA values
Species

kJ

Reaction 2

Me3Si+

-1071911.3

Me3SiF

-1334866.1

F-

-262002.2

952.5

Appendix V: Calculated data for the determination of the FIA values of the
bis(catecholato)germane complexes.
Complex

Energy
B3LYP D3(BJ)
/def2-TZVPP

Thermal
Correction
PBEh-3c/def2-SVP

Electronic +
Thermal

LA +
Me3SiY

Me3Si+
+ LA-F-

Rxn 1

FIA

Hartree

kJ

Hartree

kJ

kJ

kJ

kJ

kJ

kJ

Ge(dtbc)2

-3468.81

-9107359.86

0.68

1786.28

-9105573.59

-10442012.13

-10441492.90

519.23

433.27

Ge(dtbc)2F-

-3568.82

-9369935.50

0.68

1790.98

-9368144.52

Ge(cat)2

-2839.93

-7456226.40

0.20

512.82

-7455713.58

-8792152.12

-8791616.04

536.09

416.41

Ge(cat)2F-

-2939.93

-7718785.07

0.20

517.42

-7718267.65

Ge(catF)2

-3633.85

-9540669.19

0.14

358.27

-9540310.91

-10876749.46

-10876299.32

450.13

502.37

Ge(catF)2F-

-3733.89

-9803317.32

0.14

366.38

-9802950.94

Ge(catCl)2

-6516.41

-17108838.56

0.13

332.76

-17108505.81

-18444944.35

-18444499.64

444.71

507.79

Ge(catCl)2F-

-6616.45

-17371493.29

342.03

-17371151.25

Ge(catBr)2

-23427.46

-61508778.69

0.12

323.92

-61508454.77

-62844893.31

-62844453.36

439.95

512.55

Ge(catBr)2F-

-23527.50

-61771438.50

0.13

333.53

-61771104.97

-3601.55

-9455868.55

0.73

1921.77

-9453946.79

-10790385.33

-10789861.82

523.51

428.99

-3701.56

-9718446.16

0.74

1932.73

-9716513.44

-2972.66

-7804736.55

0.25

650.58

-7804085.97

-9140524.51

-9139991.90

532.61

419.89

-3072.67

-8067300.44

0.25

656.92

-8066643.52

0.13

Ge(dtbc)2
(ACN)
Ge(dtbc)2
(ACN)FGe(cat)2
(ACN)
Ge(cat)2
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(ACN)FGe(catF)2
-3766.60

-9889208.71

0.19

498.59

-9888710.11

-3866.63

-10151835.34

0.19

503.52

-10151331.82

-6649.16

-17457379.49

0.18

471.04

-17456908.46

-6749.20

-17720020.17

0.18

481.95

-17719538.22

-23560.21

-61857320.91

0.18

464.82

-61856856.09

-23660.25

-62119966.98

0.18

473.43

-62119493.55

-23659.90

-62119064.95

0.25

662.72

-62118402.23

-23759.94

-62381704.69

0.26

670.95

-62381033.74

-23661.11

-62122236.86

0.27

721.08

-62121515.77

-23761.14

-62384881.02

0.28

729.39

-62384151.64

-11225148.66

-11224680.20

468.45

484.05

-18793347.00

-18792886.60

460.39

492.11

-63193294.64

-63192841.94

452.70

499.80

-63454840.77

-63454382.12

458.65

493.85

-63457954.31

-63457500.02

454.29

498.21

(ACN)
Ge(catF)2
(ACN)FGe(catCl)2
(ACN)
Ge(catCl)2
(ACN)FGe(catBr)2
(ACN)
Ge(catBr)2
(ACN)FGe(catBr)2
(THF)
Ge(catBr)2
(THF)FGe(catBr)2
(Et2O)
Ge(catBr)2
(Et2O)F-

188

Appendix W: Calculated data for the determination of the GEI values of the
bis(catecholato)germane complexes.
Complex

HOMO

LUMO

Chemical Potential
(μ)

Chemical Hardness
(η)

GEI Values
(ω)

Ge(cat)2

-6.369

-0.8745

-3.62175

5.4945

1.194

Ge(dtbc)2

-6.0017

-0.6984

-3.35005

5.3033

1.058

Ge(catF)2

-7.1595

-2.0776

-4.61855

5.0819

2.099

Ge(catCl)2

-6.9335

-1.8747

-4.4041

5.0588

1.917

Ge(catBr)2

-6.8631

-1.9912

-4.42715

4.8719

2.012

Ge(cat)2
(ACN)

-5.4311

-1.4356

-3.43335

3.9955

1.475

Ge(dtbc)2
(ACN)

-5.1478

-1.4195

-3.28365

3.7283

1.446

Ge(catF)2
(ACN)

-6.1888

-2.154

-4.1714

4.0348

2.156

Ge(catCl)2
(ACN)

-6.1275

-2.1738

-4.15065

3.9537

2.179

Ge(catBr)2
(ACN)

-6.1242

-2.1942

-4.1592

3.93

2.201

Ge(catBr)2
(Ether)

-6.3495

-1.6325

-3.991

4.717

1.688

Ge(catBr)2
(THF)

-6.4024

-1.6202

-4.0113

4.7822

1.682
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Appendix X: Calculated energetics of ligand dissociation and substrate activation with
Ge(catBr)2.
Enthalpy

Enthalpy

(hartree)

(kJ/mol)

Ge(catBr)2(ACN)2

-23692.90088

Ge(catBr)2(ACN)

Complex

Gibbs (hartree)

Gibbs (kJ/mol)

-62205711.27

-23692.99072

-62205947.13

-23560.25869

-61857459.2

-23560.34328

-61857681.27

Ge(catBr)2(THF)2

-23892.05995

-62728603.39

-23892.15298

-62728847.65

Ge(catBr)2(THF)

-23659.83407

-62118894.35

-23659.92072

-62119121.85

Ge(catBr)2

-23427.62475

-61509228.78

-23427.70542

-61509440.58

ACN

-132.6064582

-348158.2559

-132.6361785

-348236.2865

THF

-232.1676769

-609556.2356

-232.1991325

-609638.8223

Styrene

-309.302937

-812074.8612

-309.3421922

-812177.9256

Ge(catBr)2(Styrene)

-23736.96198

-62321393.68

-23737.0548

-62321637.37

-23869.59659

-62669625.85

-23869.69422

-62669882.18

-23869.60727

-62669653.89

-23869.70222

-62669903.19

-308.0730972

-808845.9166

-308.1092989

-808940.9643

-23868.37636

-62666422.13

-23868.4692

-62666665.87

-384.4930966

-1009486.625

-384.5336354

-1009593.06

-23812.15959

-62518825.01

-23812.24953

-62519061.14

-527.3560081

-1384573.199

-527.3986291

-1384685.101

CisGe(catBr)2(Styrene)(ACN)
TransGe(catBr)2(Styrene)(ACN)
Phenylacetylene
TransGe(catBr)2(PhCCH)(ACN)
Para-tolualdehyde
Trans-Ge(catBr)2(paratolualdehyde)(ACN)
HSiEt3
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SiEt3+

-526.494541

-1382311.417

-526.5342082

-1382415.564

ACN--SiEt3+

-659.1825821

-1730683.869

-659.2302814

-1730809.104

Ge(catBr)2H-

-23428.35791

-61511153.7

-23428.43766

-61511363.07

Ge(catBr)2(ACN)H-

-23560.9817

-61859357.45

-23561.06848

-61859585.28

Ge(catBr)2(H)(SiEt3)

-23955.0062

-62893868.79

-23955.1002

-62894115.58
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Appendix Y: Calculated energetics of ligand dissociation association of tested Lewis
bases with Ge(catBr)2.
Enthalpy

Enthalpy

(hartree)

(kJ/mol)

Ge(catBr)2(ACN)2

-23692.90088

Ge(catBr)2(ACN)

Complex

Gibbs (hartree)

Gibbs (kJ/mol)

-62205711.27

-23692.99072

-62205947.13

-23560.25869

-61857459.2

-23560.34328

-61857681.27

Ge(catBr)2

-23427.62475

-61509228.78

-23427.70542

-61509440.58

ACN

-132.6064582

-348158.2559

-132.6361785

-348236.2865

PtBu3

-814.136556

-2137515.528

-814.1917204

-2137660.362

Ge(catBr)2(PtBu3)

-24241.84702

-63646969.34

-24241.95168

-63647244.15

lut

-326.5576669

-857377.1544

-326.5969476

-857480.2858

Ge(catBr)2(lut)

-23754.24825

-62366778.79

-23754.33862

-62367016.05

-23886.9763

-62715256.27

-23886.88237

-62715009.65

py

-248.0242169

-651187.5814

-248.0574503

-651274.8358

Ge(catBr)2(py)

-23675.71252

-62160583.24

-23675.79967

-62160812.04

Ge(catBr)2(py)2

-23923.73103

-62811755.83

-23923.83209

-62812021.16

-23808.35064

-62508824.61

-23808.4408

-62509061.31

transBr

Ge(cat )2(ACN)(lut)

transGe(catBr)2(ACN)(py)
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